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SUMMARY
The sorption of borate, arsenite and tellurate 
ions on a strongly basic anion-exchanger in the chloride form 
was investigated by means of a series of equilibrium experi­
ments. From the results obtained, an attempt was made to 
determine the state of condensation of these anions under 
various conditions of concentration and pH.
The concentration ranges of boric, arsenious and 
telluric acid studied were 0,02-0.661, 0.1-0.181 and 0,14-0.51 
respectively, the pH value of these solutions being altered 
(in the approximate range 5-11) by addition of sodium hydro­
xide. The results have been interpreted in terms of sorption 
by the resin of the following ions;
(a) B 5 O0 , B^Oy (or HB^Og ) and H^BOg" from borate.' • 
solutions.
(b) As^Og” , AsgO^" , HgAsOg^ , HAsO~" and AsO~ from 
arsenite solutions.
(c) Te^O^g , TGgO^Q , H^TeOg and H^TeOg from tellurate 
solutions.
the actual ion sorbed depending on the pH and concentration 
of the solution.
It appears that a decondensation of the polyanions 
can be brought about by dilution or by raising the pH of solu­
tion.
The ultra-violet absorption spectra of arsenite
and tellurate solutions were also studied* and evidence has 
been obtained that a correlation exists between the ions 
sorbed on the resin and the ionic state of the solution when 
the resin is absent.
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PART I 
GSÎIERAL IHTRODUCTIO:
Reasons for undertaking the present work.
The oxy-acids formed from the weakly electro­
negative and amphoteric elements are characterised by the 
ease with which they condense to form isopoly acids. These 
give rise to condensed anions which could be considered as 
derived from several molecules of the acid anhydride (1 ).
Thus the formation of isopolymolybdates, tungstates and 
vanadates is well known and has received considerable atten­
tion in the literature.
Until recently the study of such condensed sys­
tems has been largely carried out using classical physico­
chemical methods. A study of the rate of diffusion of ions
(2) and the measure of the dialysis coefficient (3) were both 
attempted with the view to obtaining directly the ionic weights 
of the condensed species. Other methods of study will be re­
ferred to in later pages and include the following: cryoscopy 
and conductivity measurements, pH titration, solubility stu­
dies, distribution studies involving immiscible solvents, 
and absorption and Raman spectra (4).
But as most of these methods are subject to 
some limitation, it is not surprising that interpretation of 
results was not only difficult, but at times yielded confli­
cting conclusions. It is true to say that with the except­
ion of the simplest systems, no condensed anion system has so 
far been adequately elucidated, and to what extent a particu-
— 2—
lar weak oxyacid or its salt will yield condensed anions in 
solution is as yet not sufficiently clear. Nevertheless, 
from a review of literature it appears that the degree of 
condensation is dependent on two factors: the iconcentration 
.of the solution and its pH value. So when dealing with solu- 
.trions of weak acids which are thought to yield condensed 
anions, it is reasonable to anticipate that the degree of 
condensation will increase with a rise in concentration, and 
decrease with a rise in the, pH of solution.
In recent years a new method of analysis of 
complex ions has been made possible by the deveXopement of 
ion-exchange resins (5). Everest and Salmon (6 ) were the 
first to adopt an anion-exchange technique in’: a study of the 
condensation of the germanate ion in alkaline solution, and 
due to the success of this method it was decided to extend 
it to the study of solutions of borates, arsepites and tellû- 
rates. The objects of the present work are therefore as 
follows:
(a) To attempt an elucidation of the ionic systems 
present in solutions of the above acids at various concen­
trations and pH values.
(b) To accumulate data on the sorption of these acids 
on strongly basic anion-exchange resins.
(c) With the use of a spectrophotometric method, to 
attempt a correlation between the anionic species sorbed on 
the resin, and those pressnt in solution when the resin is 
absent.
— 3—
ION EXCHANGERS .... An Introduction.
Historical.
The phenomenon of ion-exchange (7) was noticed 
as early as 1850 when Way and Thompson (8 ) discovered that 
certain salts (notably ammonium sulphate and potassium chlo­
ride) could not be easily leached out from the soil by the 
action of water. It appeared that certain ions were in 
some way held by the soil particles. The property of ion 
retention in minerals was eventually traced to some clays, 
alumina, apatites and especially the zeolites - a group of 
aluminium silicates of complex composition, but the disco­
very remained unnoticed until in 1905 R. Gans began attempts 
to utilise the ion-exchange power of natural and later syn­
thetic zeolites for the purpose of water softening. The 
following year he put his researches on a commercial basis 
by taking out a patent for a fused alumino-silicate exchan­
ger (9).
The water softening process involves percolat­
ion of hard water through a bed of zeolite in the sodium 
form, with a result thab calcium ions are retained by the 
ion-exchanger and sodium ions are liberated into solution. 
The reaction Is reversible:
(sorption) .
2 Na-Zeolite 4  Ca p---» 2 Na 4. Ca-( Zeolite )g
(regeneration) 
zeolite in zeolite in
sodium form calcium form
- 4-
The exhausted zeolite can he reconverted into the sodium form 
by treatment with a solution containing a high concentration 
of sodium ions.
The first analytical application of synthetic 
zeolite appears to have been made in 1917, when Folin and 
Bell (10) used an ion-exchange technique in the determination 
of ammonia in urine. By absorption on the zeolite, the ammo­
nia was separated from interfering amino acids and later deter­
mined with Ness lei's reagent after displacement from the ex­
changer by means of sodium hydroxide. Nevertheless, purely 
inorganic ion-exchangers were found to have but a limited 
application as they are stable only in a narrow range of pH. 
They are easily decomposed in acid media and peptized in al­
kaline solution. Fortunately more stable organic materials 
such as cellulose (1 1 ) were also found to possess ion-exchange 
properties, attention was therefore focussed on the develope- 
ment of organic ion-exchangers which would have the necessary 
chemical inertness for the variety of uses in which an ion- 
exchange technique was indicated. These exchangers would 
have to satisfy the following requirements:
(a) complete insolubility in the medium in v/hich they are 
to be used.
(b) a high power of exchange, i.e., a high ’’capacity” 
for ions.
- 5-
Organic lon-exchangers by synthesis
In 1935 a patent for a resin with suitable 
characteristics was taken out by B.A, Adams and E.L. Holmes
(1 2 ), who condensed phenolsulphonic acids with formaldehyde, 
in this way obtaining a macromolecule with cation-exchange 
properties. Later the same workers produced an anion-exchange 
resin by condensing polyamines with formaldehyde. The react­
ions involved may be briefly represented as follows:
OHA
Phenol- \ / \  SOgH 
sulphonic acid
\
I
/
H Po rmaIdahyde
0=0
M Condensation
CATION
EXCHANGER
80*H
8 O3H
/ -  CH2
CHg--
SO3H f ^
SO3H
CHg— ~
Exchange here is due to the -80=H groups
» 6—
FormaldehydeSecondary
amine
Condensation
ANION 
EXCHANGER :
(weakly basic)
, YCHgH.CHg ' CHgHH.C H g G H g ^ .CHg 
CHg^CHg / CHgHH.CHg\ Ç H g O H g
CH; CH;
rn
OH
In this way a long-chain resinous substance was 
obtained, each particle of which was a three-dimentional 
crosslinked network making up a giant molecule. At inter­
vals along the chain are found the "active sites", that is 
groups with ion-exchange properties. For cation-exchangers 
these groups are of the type: -SC^H -COOH -OH etc,,
whereas for anion-exchangers these are -NHg -NHR -NRg 
and -NR-^  . Although attached to a complex hydrocarbon net­
work, each of these groups was found to behave in the same 
way as in simpler organic compounds.
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Effect of crosslinking.
As the effective capacity of the exchanger 
depends on the number of "active sites" present, it is clear 
that the greater the degree of cross linking the higher the 
capacity per unit volume of the resin, A close molecular 
network nevertheless reduces the rate of diffusion of ions 
within it and seriously impairs the rate of exchange.
On increasing the crosslinking, it is the change in affinity 
of the resin for various ions v/hich is more noticeable, and 
not the increase in capacity. In practise a compromise is 
made so as to obtain a resin sufficiently crosslinked for 
a maximum capacity consistent with a reasonable exchange rate
Modern exchangers.
Hitherto the main .difference between cation and 
anion exchangers has been that the capacity.of the latter 
was much more sensitive to pH, since the materials behaved 
as weak bases. Developement of ion-exchange resins has led 
to the production of "monofunctional" exchangers, that is 
those which contain as far as possible only one type of exch­
ange group, this gave rise to the possibility of a resin 
containing only strongly basic exchange sites. At present 
time, ion-exchange resins are known largely by their trade 
names and their chemical composition is often not disclosed. 
In recent years however, new anion-exchangers have appeared
•"8 *"
on the market whose basio strength approaches that of sodium 
hydroxide. A typical synthesis of a strongly basic and mono­
functional anion exchange resin based on polystyrene may be 
represented as follows-
STYRENE
H rrCHg
(suspension polymerisaf-^ 1
ion) ▼
DIVINYL
X/^GH=:GHr
BENZENE
CHg —  CH —  CHg— CH — -  CHg CH CHg -
\
CHg — CH CHg — CH — CHg
(chlorométhylation 
followed by 
reaction with 
trime thy lamine )
CHg— CH GHg-CH CHg
- GHg.N.tCHgig
-CHg —  CH CHg
(CHgig.N.CHg
STRONGLY BASIC ANI ON-EXCHANGER (e . g,, DOWEX 1 & Q 
Important properties of exchangers.
It is well to recall the following characteris 
tics of ion-exchange resins : '
—9 *•
1) Both for cationic and anionic resins ion-exchange pro­
ceeds by equivalents. Thus the sorption of each gram equiva­
lent of an ion is accompanied by a desorption of one gram 
equivalent of the ion originally on the resin.
Weakly basic resins may not at times be comple­
tely converted to a given ionic form, and may appear at first 
glance not to obey the above criterion. Thus if we consi­
der a resin which has been incompletely converted to an 
anionic form X, it may be that on treatment with a solution 
containing the anionic species Y some of these Y ions will be 
sorbed in exchange for X, but an extra quantity will be sor­
bed by the so far unreacted sites. The net effect will be 
that one equivalent of X will be replaced by more than one 
equivalent of Y, and the proportion will depend on the 
quantity of the previously uninfluenced sites entering the 
reaction. This in turn will depend on the pH of the eluting 
solution and on the concentration of Y ions in it.
Even at present, some so called "monofunctional" 
strongly basic resins may contain a certain small proportion 
of weakly basic exchange groups (e.g. Dowex 1 & 2 , ref.13 
Wheaton and Bauman). This may lead to variation in capacity 
depending on the type of ion sorbed and the conditions of 
sorption, but this effect is considered to be very slight 
and in most analytical work it may be neglected.
The capacity of a given sample of resin for a 
particular ion is usually expressed in gram equivalents of the
—  10—
ion per gram of resin, but the capacity is found to vary 
slightly between samples of equal weight, this being due to 
an inhomogeneity of cross linking. Once the capacity of the 
sample has been found therefore, it is more usual to calcula­
te the "equivalent of the resin" and subsequently to express 
any atomic species sorbed in terms of moles per equivalent 
of resin.
(2) For cationic and strongly basic resins, the exchange 
reaction is reversible and the final state of the system is 
independent of the direction from which the equilibrium is 
approached (Gregor, Belle and Marcus, ref, 13), But a consi­
derable difference in the time taken to reach equilibrium 
from different directions may be observed, due to the diffe­
rent rates of diffusion of the ions.
(3) The affinity of a cation for the resin appears to depend 
both on its ionic charge and on its hydrated ionic radius.
The selectivity of the resin leads to preferential sorption - 
of ions of higher ionic charge from dilute solutions, but of 
ions of lower charge from concentrated solutions. For ions 
of similar ionic charge the affinity is inversely proportio­
nal to the hydrated ionic radius. From the latter it appears 
that the exchanger exerts an "ionic sieve'' action, whereby 
ions of larger size will be liable to progressive exclusion 
by the dimensions of the resin lattice. It follows therefore 
that the higher the resin crosslinking, the stronger will be
-li­
the tendency for exclusion of ions of larger ionic radius.
The behaviour of anions is less predictable than 
that of cations and is yet uncertain, but Kunin and coworkers 
(14) have presented the following order of affinities of 
different anions :
SOJ" > CrOY  ^Citrate >Tartrate“^> NO3 > A s O ^ ” / 
POg"""l>Molybdate > Acetate > > Br" > Cl" > P"
This is nevertheless only a qualitative estimation.
Anion exchangers in studies of complex systems.
If a solution containing an anionic species A** 
is left in contact with a given quantity of a strong anion 
exchanger previously completely converted to the B form, 
then after a time the following equilibrium will result:
A*" 4» Resin-B k Resin-A k B**
The position of equilibrium will depend on the concentration 
of A~ originally in solution and on the quantity of resin 
used. Providing the ionic species B is univalent, the quan­
tity of B desorbed will give us a direct measure of the num­
ber of "active sites" occupied on the resin by A. At this 
stage we may discuss the two methods of using ion exchangers:
Column technique.
If in the above example the B “ ion is removed 
from the sphere of reaction, then the equilibrium will be dis 
placed to the right in the usual manner and eventually the
—12 —
resin will be converted to the A form. This is the basis of 
the "column technique" as used in ion-exchange chromatography. 
A quantity of resin-water slurry is introduced into a glass 
column containing a sintered glass disc or a glass wool plug, 
and the air bubbles adhering to the resin beads are displaced 
by backwashing with water. A schematic diagram of the appa­
ratus is given overleaf. A certain swelling of the resin will 
take place due to hydration and must be allowed for. The co­
lumn is now ready for use and the exchanger may be converted 
to a desired anionic form by slow passage of an acid of sui­
table concentration. The desorbed ions are removed by the 
stream of solution, and excess acid is then displaced by 
washing with distilled water.
The dimensions of the column will of course de­
pend on the purpose of the experiment. Thus for a conversion 
of small quantities of strongly basic anion exchanger for 
subsequent laboratory use, it was found convenient to employ 
a column 25 cm. long and of 2 cm. internal diameter, holding 
appx. 30 g. of the resin. The exchanger was soaked overnight 
in a small quantity of concentrated acid, diluted with water 
and introduced into the colamn. Conversion was then completed 
by passage of 1 litre of 2M acid followed by washing with 
water.
Batch technique.
The colnmn method has been found very suitable
S ^ v l i o n
^ l u n o « ___
Ghxts 
J>lug
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in many applications of ion-exchange, especially in prepara­
tive work and for separation of ions on the industrial scale, . 
hut in the study of complexes it is generally considered too 
cumbersome. The "batch technique" consists simply in allo­
wing an ionic equilibrium to take place between the resin 
and solution phases. The resin and solution are then separa­
ted by filtration and retained for analysis. The attainment 
of equilibrium can be accelerated by mechanical shaking, and 
an advantage of the method is that smaller quantities of both 
the exchanger and the solution can be used. Furthermore the 
rate of exchange after a given time may easily be determined 
if necessary, by a rapid filtration of solution from the 
resin Under suction and subsequent analysis of the two phases.
Other advantages of the batch technique include 
an easier interpretation of results, and the fact that by 
suitable regulation of the quantities of resin and solution 
a sorption of ions sufficient for analysis may be obtained 
without disturbing overmuch the ionic system present in solu­
tion.
The batch technique was used throughout the 
present study of the condensation of polyacids.
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Batch technique results and the study of condensed anions*
An interpretation of the data obtained by the 
batch technique can now be considered. If a quantity of 
strong anion-exchanger in the chloride form is shaken up with 
a convenient volume of a solution of a weak acid HA, an equi­
librium will be set up between the anions sorbed by the resin 
in exchange for chloride ions, and the anions still in solut­
ion. The number of chloride ions liberated into the solution 
phase will equal the number of "active sites" filled up by 
the anions of the weak acid. If we assume that the anions 
are univalent and non-condensed, i.e. that :
HA ;— t. + A"
then for each Absorbed there will be one 01“ desorbed.
In other words, the ratio of the number of A“ ions sorbed to 
the number of 01“ ions desorbed will be unity. If however 
the acid gives rise to bivalent non-condensed anions A”" then 
the ratio will be 0.5 • For convenience we will refer to 
this ratio as the "R" value of the system, so. that:
  Moles of A sorbed on the resin _ Number of
R —  -------- --------------------- —  atoms of A
Moles of 01 desorbed per ionic
charge.
(NB. The symbol HA denotes a molecule of an oxyacid with 
A as the central atom of the anion. For the sake of brevity 
oxygen atoms have been excluded from the formula.)
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A simple system Involving condensed and non-condensed 
anions of like charges.
As has been stated before, it is reasonable to 
expect by analogy with systems already studied by other 
methods (1 ) that the degree of anionic condensation will 
increase if the solution is concentrated, and for a solution 
at a particular concentration a decondensation will take 
place with a rise in the pH value. Furthermore the condensed 
acid will normally be stronger than the non-condensed one.
If the acid HA gives rise to condensed anions, 
then,assuming the simplest system to exist we will have:
pH .
nHA nH'"' -r A“ n( H f A* )
unionised condensed uncondensed
acid anions anions
The displacement of the equilibrium to the right will be
brought about by dilution, or by increasing the pH. In the
above example the R value of the condensed species would be
n, and that of the uncondensed would be unity.
Having selected the concentration of an acid HA 
to be studied a series of batch experiments may be performed, 
the pH of the solution in each experiment being adjusted to 
a desired value by addition of alkali. After equilibrium 
has been attained and the resin filtered off, the quantity 
of A sorbed and the chloride desorbed per equivalent of 
resin at a particular pH value may be determined, and the 
results may then be conveniently expresses in graphical form.
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Tho data which would he expected for the system assumed ahove 
is given on the diagram helow^
•H
CO
(D
A sorhed
Cl desorhed
CO
®H
O
g
R value
pH
Thus at the natural pH of the solution, the acid (even in its 
condensed state) is too weak to provide a'sufficient concen­
tration of ions for sorption of A to take place. But as the 
pH of solution is raised an increasing concentration of the 
condensed species A is produced and is sorhed on the resin 
in exchange for chloride ions. A measurement of the R value 
over this pH range will give n, which is the degree of 
condensation of the anion. As the pH is further raised 
a transition from A^ to the non-condensed A (derived from a
- 17-
weaker acid) is expected, so that the sorption of A will 
come to a maximum and then begin decreasing. Since the ionic 
charge in this transition is assumed to be unaltered, the 
’desorption of chloride” curve will also exhibit a maximum 
at the same pH value.
At a higher pH, when the ion A*" is the only one 
sorbed, the R value will become one. At yet higher pH values 
the "desorption of chloride” curve may show an increase due 
to the formation of A~*“, alternatively a similar effect may 
be noticed due to the competitive sorption of hydroxyl ions 
by the resin, if the concentration of these in solution is 
sufficiently high.
A system approximating to the one just described 
was actually found by Everest and Salmon (6 ) to exist in 
solutions of germanates. Here the condensed pentagermanate 
ion Ge^O^j is slowly replaced on the resin by the non-conden- 
sed monogermanate ion GeOg , and since the ionic charge does 
not alter, the maximum sorption of germanium and desorption 
of chloride are found to occur at the same pH value. The 
existence of an intermediate species HGeOg was suggested by 
the authors, but the concentration of this would have to be 
very slight if it is present at all since it does not affect 
the position of the maxima. Above pH 13 a sudden rise in 
desorption of chloride indicated a preferential sorption of 
hydroxyl ions by the resin.
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More complicated systems. The "chloride shift”.
When the decondensation process involves a 
successive production of several ionic forms of decreasing 
degree of condensation, then providing the ions are all 
of similar charge the only effect on the maxima will he that 
they will become flatter, but they will still coincide.
If an intermediate condensed species occurs preferentially 
over a wide range of pH, then this will be shown by a flat­
tening of the R value graph in that region.
We will now discuss an important possibility 
where the decondensation process gives rise progressively 
to a multivalent ion and then to the non-condensed ion. 
Consider the following transition:
An ^n-x ^
At the natural pH of the acid the sorption of A will be 
negligible as before, but as the pH is increased there will 
be gradually increasing sorption of A^ (as shown on the 
diagram below) and therefore a corresponding liberation of 
chloride into solution. Over the initial range of pH, the R 
value will be n if A is being sorbed exclusively. On further 
increase in pH, the ionic equilibrium in solution will change 
in favour of A^_% and the sorption of A will be expected to 
come to a maximum amd then decrease, since a condensed ion 
is being replaced on the resin by a less condensed one deri­
— 19-
ved from a weaker acid. But as a univalent ion is being 
replaced on the resin by a multivalent one, the net effect 
is that the desorption of chloride will continue to increase, 
and will come to a maximum only as the ionic concentration 
in solution changes in favour of the non-condensed A ion.
Moles
per
equiva­
lent of 
resin •
Cl de-
/ sorbed
\  \
R value
n-x '
in thi;3 
region
pH
The expected R value trend in the above transi' 
tion would be a gradual decrease from R:n to R:l, and the
value R: n-x corresponding to the ion should fall at a
pH value somewhere between that of the maximum sorption of 
A and the maximum desorption of chloride. The discrepancy 
between the pH values of the two maxima will be referred to
— 20-
in later sections as the "chloride shift".
To sum up, we may derive two criteria from the above consi­
derations :
1) If the maxima coincide-at the same pH, then we would 
expect that the ionic charge of the various anions sorbed 
on the resin is the same throughout the pH range considered,
2) If a chloride shift is found, it is to be expected 
that one or more intermediate forms having a greater ionic 
charge exist at some stage of the decondensation process.
The identity of the latter must then be inferred by study 
of the R value graph.
Limitations of the method.
The abovementioned theoretical treatment is of 
necessity very simplified. Among others, the assumption is 
made that only two ionic forms (derived from the acid HA) 
exist in equilibrium at any time, or if more species exist 
then their concentration is negligible. In practise if a 
yet more complex system exists in solution, this can only be 
inferred by circumstantial evidence derived from ion-exchange 
results and from data obtained by other methods.
The ion-exchange techniques described depend on 
the supposition that the ionic forms sorbed have a dissimilar 
affinity for the resin. If however a mixture of ions of 
similar charge and affinity (and whose degree of condensation
- 21-
does not differ markedly) exists in the low pH region, then 
their resolution by this method would be at best difficult 
and in most cases impossible,
Furthermore, as the R value at a particular pH 
is itself obtained from the ratio of two separate determinat­
ions, it is clear that any inaccuracy in the latter will be 
magnified in the formeh., The most interesting region, i.e. 
that of low pH, is unfortunately the one where the sorption 
and desorption of ions is very small compared to the concen­
tration of the acid in solution. An inaccuracy in these 
determinations may therefore lead to serious errors in the 
R value. For example it would be impossible to differentiate 
by this method between the existence of a species such as 
^10* 5.3) and (R: 3.7). Theoretically however it
would be possible to obtain an improved resolution in this 
case by using resins of different degrees of crosslinking.
In this way the "ionic sieve" action of the resin lattice 
may under the right conditions favour the sorption of one or 
other of the species, depending on their hydrated ionic 
radius.
Again, if the ionic transition brought about 
by decondensation involves the presence of several intermed­
iates, as in the following example:
An — ^ -^ n-x ^n-y  ^ ^
it would be impossible to resolve the ions of intermediate
—22 —
condensation, unless their concentration was appreciable 
and reasonably constant over a relatively large region of pH. 
their presence could then be inferred from a constancy or 
near-constancy of the R value in that region.
Ion competition.
An interesting attempt at improving resolution 
of ions in the batch method involves creating increased com­
petition for the resin. For example if two ionic forms A 
and B compete for the chloride form of the resin, then the 
sorption of both can be depressed by increasing the chloride 
concentration of the solution phase, in this way enhancing 
the role of chloride ions in the competition for the resin.
If the relative affinities of A and B for the 
resin are sufficiently dissimilar, the addition of chloride 
will depress sorption of the ion with the weaker affinity 
for the resin to a greater extent, and the value of R will 
alter in such a way as to indicate the ion with the greater 
affinity.
A method which involves increasing the ion 
competition was utilised in the study of germanate solutions 
already referred to (6 ), and was successful in demonstrating 
the differential sorption of Ge^O^T and Geol" on the resin. 
Addition of a known quantity of chloride tended to increase 
the R value to 2,5 , and indicated the sorption of the penta­
germanate ion.
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S PE CTRO PHOTOMETRY
Condensation and decondensation of an oxyacid, 
brought about by change in pH or concentration of solution, 
will result in an alteration of electronic configuration and 
therefore in the formation of compounds in different states 
of electric polarisation. It would be reasonable to suppose 
therefore that a decondensation reaction may be studied by 
light absorption and light refraction methods.
For example the well known colour change from 
orange to yellow brought about by addition of alkali to a 
dichromate solution, may be followed visually and is due to 
a decondensation to the chromate. The value of a spectropho- 
tometric method in the study of this system was realised some 
years ago by Viterbi and Krausz (15) who investigated the 
equilibrium
2 CrOg" f HgO ^ CrgOy-f 20H"
and the effect on the visible and ultra-violet spectrum of 
adding large quantities of alkali in order tp displace the 
equilibrium to the left.
Déribéré (16) studied the effect of the pH on 
the transmission of near infra-red rays through a number of 
solutions likely to-give condensed anions. He found that 
although the effect on the visible and ultra-violet light 
was often considerable, there was little difference in the 
infra-red transmission of these solutions at various pH values.
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From these results we may conclude that the most fruitful 
data will he obtained by examination of the ultra-violet 
absorption spectrum, unless the solution to be investigated 
is coloured in which case the visible light range may also 
be studied.
Method of "continuous variations"
A quantitative treatment for identification of 
compounds formed in solution by reaction of two components 
has been suggested by Job (17). This method of "continuous 
variations" has been extended and made applicable to the 
study of complex ions by Warren, Vosburgh and Cooper (18). 
Briefly, the formation of many complex ions can be represen­
ted by.;
A 4 nB AB^
where A is a metallic ion and B is the anion of the conden­
sing acid. To determine n, solutions of A and B of the same 
molar concentrations are mixed together in varying proportions 
and a suitable property of the resulting mixture is measured, 
e.g. light absorption or refractive index. The difference 
"D" is then determined between the value found, and the value
calculated for A and B assuming no interaction between them.
D is then plotted against the composition of the solution, 
a curve being obtained which should have a maximum (or mini­
mum) if the property measured has a larger (or smaller) value
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for the complex ion than for the unreacted A and B.
Job has shown that the composition at which D 
is a maximum (or minimum) bears a simple relation to "n", and 
is independent of the equilibrium constant provided the molar 
concentrations of A and B are the same.
The method of continuous variations has never­
theless several disappointing limitations :
(1) When only one compound is formed (as in CrgOt^-^CrO^ ) 
the results of spectrophotometry are independent of the
wavelength. But when more than one compound is formed, as is 
more usual, the wavelengths for the investigation have to be 
judiciously selected because each ionic species will absorb in 
a different region of the spectrum. This leads to questiona­
ble results unless the conclusions can be adequately confirmed 
by other methods.
(2) In order for the results to be independent of the equi­
librium constant, the molarity of solutions A and B
must be the same. This results in a gradual dilution of B 
as a mixture of increasing A content is formed, and prevents 
use of the method as it stands for the investigation of 
systems which are not only dependent on pH but also on concen­
tration.
Thus Warren and coworkers were able to use the 
method of continuous variations in demonstrating the chro­
ma to -dichromate transition, but could throw no light on the
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species of higher degree of condensation whose existence 
has been shown by diffusion work (19). A method utilising 
the change in refractive index was also used recently by 
Plsko and Liska (20) in a very limited study of the conden­
sation of molybdate ions. The variation in refractive index 
was nevertheless so small that it had to be measured by 
interferometry.
From these considerations it becomes clear 
that the method of continuous variations without modification 
is of little value in the present study. Rather than under­
take a quantitative investigation of questionable value, it 
was decided to attempt a correlation between ion-exchange 
results and those of spectrophotometry on a qualitative level 
To this end, the effect of pH on the ultra-violet absorption 
spectrum of the oxyacid was determined using solutions whose 
acid concentration was maintained constant throughout. The 
pH was regulated by addition of alkali, while the total 
volume of the mixture was kept constant by addition of a 
suitable quantity of water* In this way, the spectrophoto- 
metric results obtained depend on the equilibrium constants 
of the various reactions brought about by decondensation.
As these constants are unknown, the data cannot be interpre­
ted quantitatively.
PART II
STUDIES OF SOLUTIONS OF BORATES
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HISTORICAL
Early work.
The chemical constitution of boric acid has 
been much studied in the last half-century. As early as 
1903, Auerbach concluded from distribution experiments (21) 
that borate ions unite with excess boric acid in solution, 
to form polyborate ions, the tendency for the formation of 
such ions being appreciable. He stated that the type of poly- 
borate ion depends on the concentration of boric acid in 
solution and suggested that in presence of the saturated acid 
at 25°G the condensed anions contain on an average five 
atoms of boron for each negative charge. Auerbach allowed 
boric acid and another weak acid (arsenious) to compete for 
a quantity of sodium hydroxide insufficient for complete 
neutralisation, and stated that his results suggest that 
polyboric acids are stronger than the non-condensed boric and 
arsenious acids.
One of the first extensive investigations was
due to Kolthoff (22), who in 1926 examined the conductivities
.
of boric acid solutions from 0 . 1  to 1 . 0 molar and found that 
the acid does not obey Ostwald*s dilution law. The almost 
hundredfold rise in the dissociation constant observed was 
explained by suggesting the formation of a tetraboric acid 
whose dissociation constant was calculated to be 6 - 1 0 x 1 0
Later Kolthoff and Bosch (2S) examined a series
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of borax and boric acid-sodium metaborate solutions. They 
explained the abnormal pH trend observed on dilution by apply­
ing the law of mass action and assuming the formation of con­
densed anions, especially those derived from a stronger penta- 
boric acid which was thought to be formed in solutions of 
high boric acid concentration. At concentrations below O.IM 
no condensed ions could be detected. These results are clai­
med to be of a qualitative nature only, but their interpretat­
ion agrees with the conclusions reached by.Auerbach. The 
dissociation constant of monomeric boric acid was calculated 
by Kolthoff and Bosch to be 5.5 x lo"^^ at 18^0.
Kolthoff’s reasoning was soon to receive the 
support of a cryoscopie study of borate solutions due to 
Menzel (23), who examined solutions of the alkali metal mono-, 
di- and penta-borates at various concentrations. Menzel con­
cluded that monoborate (BOg ), tetraborate (B^O^ ) and penta- 
borate (B^Og aq.) ions were all present in the respective 
solutions, but the pentaborate was extensively dissociated 
into the lower polyborates, as shown by the Van’t Hoff "i" 
factor being only 3.0-4.5 in the most concentrated pentaborate 
solutions studied,
Menzel also attempted conductimetric measure­
ments, but the data obtained gave somewhat ambiguous results. 
These studies were some years later extended by Thygesen (24) 
who measured the conductivities of boric acid solutions of
— 29-
various concentrations, and found that in the 0.028-0.125, .M 
range the overall dissociation constant was almost stable, 
hence ho concluded that up to ca, O.IM solutions, boric acid 
behaves as a weak monobasic and monomeric acid. Thygesen 
found that the curve of molecular conductivity versus molarity 
shows a sharp minimum v/hen the molarity is appx. 0 .1 , from 
which he deduced that above this concentration there is incre­
asing formation of polyboric acids of a higher order.
He calculated the various possible dissociation constants of 
boric acid at concentrations 0.25-0.6M, assuming degrees of 
condensation from unity (uncondensed) to five (pentaboric 
acid). ' It was found that Eg showed the greatest constancy, 
from which the predominance of the univalent triborate may 
be inferred, but Thygesen thought it more probable that a 
mixture of univalent and bivalent tetraborate exists in this 
concentration range. ’
In 1943 Menzel and.Schultz (25) reexamined sodium 
monoborate solutions cryoscopically, confirming previous re­
sults by this method (23), and found that even with borate 
concentrations as high as 2M no deviation attributable to 
polymerisation could bo detected. From this it can be infer­
red that at high pH values boric acid-alkali solutions are 
non-condensed irrespective of their concentration. This is 
confirmed by a Raman spectra study of sodium borate performed 
by Edwards, Morrison, Ross and Schultz (46).
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Recent work.
At this stage, the study of "boric acid entered 
increasingly into the field of polemic, chiefly due to the 
work of souchay and of Carpeni. In a joint publication (26), 
Carpeni and Souchay described studies of the neutralisation 
curves of solutions of boric acid at concentrations between
0.03 and 0.26 M. They found that the curves obtained all 
intersected at one point irrespective of the concentration 
of the acid. This was later to be termed the "isohydric 
point" (point of equal hydrogen ion concentration) by Carpeni 
(27). Following the previous theoretical treatment by Bye (28) 
Carpeni and Souchay interpreted their studies on the basis 
of the existence of the ions BgOg , HB^O^ and BOg , which 
they said were formed successively during the neutralisation 
process. They emphasised that the condensation of boric acid 
would be affected by two separate factors; the total boron 
concentration and the pH, the importance of which had not 
been fully appreciated by previous workers.
Subsequently Carpeni reconsidered these conclu­
sions, and in particular he has put a different interpretat­
ion on the significance of the isohydric point (29). He con­
siders that if an isohydric point is obtained for an acid 
undergoing a condensation-dogradation reaction, its very 
presence is a result of the existence of a unique ionic 
equilibrium in solution . He postulates that this equilibrium
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is between two (and only two) ionic species such that one 
species is simple and the other condensed. The existence of 
the simple species is favoured by high pH and by low concent­
ration.
In the case of boric acid, Carpeni maintains (30) 
that the only two ions involved in the equilibrium are the 
monoborate HgBOg and'the bivalent pentaborate HBgOg . Further­
more he attempts to assign structures to all solid borates 
and explain anomalies in their behaviour on the basis of the 
existence of these two ionic forms only (31).
Recently, in a more detailed study of borate 
solutions, Carpeni has found that the position of the isohyd- 
rio point is unchanged on varying the boron concentration 
from O.OIM to saturation, or on varying the temperature from 
5 to 95®C , Also, at room temperature KBcOo is the borate 
salt in equilibrium with the isohydric solution, whereas at 
85-95®C this salt is K^HB^Og. He again emphasised his view 
that only HB^Og and HgBCy ions occur in borate solutions (32).
Carpeni's revised conclusions have been strongly 
criticised by Souchay and others (33) on theoretical grounds 
involving principally the interpretation of the isohydric • 
point.
The concentration dependence of the condensation . 
of boric acid is again illustrated by the work of Stetten (34). 
He showed by means of pH measurements that in bhe concentration
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range 0.1 to 0.6M a polyboric acid exists in solution, with 
an average composition of 5.2 atoms of boron per molecule.
The presence of this acid could not be detected in <0.1M 
solutions. Stetten’s work was extended by Edwards (35) who 
explains his results on the basis of a trimer, and suggests 
two possible structures of the latter. Above 0.6M solutions 
of boric acid, the presence of a hexamer is suggested by 
Edwards but no reasonable structure can be found for it.
The views of Souchay on the nature of borate 
solutions have been recently summarised and amplified by 
Lourijsen-Teyssedre (36), who used pH measurements, partition 
coefficient data on the distribution of boric acid between 
water and pentyl alcohol, and cryoscopic methods based on 
the depression of the transition point between sodium sulpha­
te decahydrate and the anhydrous salt. Lourijsen-Teyssedre 
concluded that in boric acid solutions unionised HBOg mole­
cules were largely present, but on addition of alkali their 
concentration decreased being offset by an increased concen­
tration of BgOg , B^Oy 9 and BOg ions in solution . 
Initially it was the B 5 O3 ions which were the most quickly 
formed, their concentration reaching a maximum at an alkali- 
boron ratio of ca. 0.2:1 (for 0.25M boric acid solutions), 
when about one third of the total boron was present as B 3 O3 
ions. Further additions of alkali caused a rapid deconden­
sation of those ions, which had entirely disappeared from
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solution at an alkali:boron ratio of ca. 0.4:1. The concen-
## àm
tratlon of reached a maximum at an alkali rhoron ratio
of ca. 0.5:1, about 50^ of the boron then being present as 
this ion. At higher ratios the concentration of B^Oy decre­
ased smoothly until it reached zero at a ratio of 1 :1 .
The concentration of BOg ions increased only slowly on ini­
tial addition of alkali,'but at high alkali ratios it became 
the predominant ion in solution. ■Lourijsen-Teysaedre’s dia­
gram to illustrate the above transition is reproduced below,
proportion 
of ions 
or mole* 
cules \ HBO
O.Gh
- B.O
Lourijsen-Teyssedre also pointed out that the 
condensation of boric acid was concentration dependent, an 
increase in boron concentration causing an increase in the 
proportion of condensed borate ions present. Belov/ a boric 
acid concentration of ca, O.IM no B^Og ions could be detect­
ed in solution whilst the quantity of B^O^ ions was greatly 
reduced.
A later potentiometric study by Lefebvre (37) .
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agrees in general with the above, but the existence of 
is included in the interpretation. Lefebvre’s results appear 
to prove that a tricondensed ionic form does not exist.
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SCOPE OF THE PRESENT WORK
An examination of the previous section indicates 
that condensation of boric acid is indeed dependent both on 
the concentration of solution and on the pH. A high propor­
tion of published work suggests that the most condensed ionic 
species formed is the pentaborate, whereas opinion is divided 
as to the nature of the ions of intermediate condensation. 
Conductivity, potentiometric and pH measurements seem unable 
to distinguish between the presence of either or HB^ OlJ '
or mixtures of both these forms as the intermediates, but 
most workers are agreed that at high pH and below O.IM concen­
tration the BOg ion is present as the sole anionic species/
In the work to be described, an attempt will be made
(a) to define the most condensed species formed in an 
almost saturated boric acid solution at room tempera­
ture .
(b) to investigate the effect of concentration on sorption 
of boron on the rosin under varying conditions of pH.
(c) to suggest the species of intermediate condensation 
present in solution at various stages of neutralisation.
(d) to test the validity of Carpeni’s postulate, whereby 
the ionic equilibrium is due solely to the two species , 
HgBO^ and HB^Og «
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EXPERIMENTAL
I. Preliminary
Anion exchanger.
Preliminary studios indicated that boric acid 
is sorbed by the strong base anion-exchanger Amberlite 
IRA 400 in the .chloride form . This is. a benzyl trlraethyl- 
asimonimn type resin manufactured by Rohm and Haas Co.
The exchanger was prepared from the hydroxide form by leaving 
this to stand for some hours in contact with approximately 
5M hydrochloric acid, then washing into a suitable column 
(cf. p. 1 2 ) containing a sintered glass disc, and completing 
the conversion by treatment with ca. 2N hydrochloric acid.
The resin in the column was then washed free of excess acid 
by passage of de-ionised water until the washings were neu­
tral to methyl orange and gave negligible cloudiness with 
silver nitrate. The resin was air-dried and sieved to con­
stant mesh size before use.
Washing water.
Throughout these studies, all water used for 
washing the resin was previously distilled, and immediately 
before use it was passed through a column of Bio-deminrolit 
(a mixed-bed resin manufactured by the Permutit Co.) to 
complete the de-ionisation process.
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Freparatlon of solutions*
Stock solutions (ca. 0.9, 0.6, 0.3 and 0.03M) 
were prepared by dissolving analytical grade orthoboric acid 
in boiled-out distilled water. Samples of the above solutions 
were pipetted out (50 ml.) and their pH was altered by addi­
tion of various quantities of sodium hydroxide solution, the 
total volume of the mixture being adjusted to 75 ml. by addi­
tion of water. Graphs of the quantity of NaOH added versus 
the pH of solution obtained could then be plotted. By using 
such graphs, solutions of any desired pH could be made up, 
the boric acid concentration of the final solutions obtained 
being 0.6, 0.4, 0.2 or 0.02M depending on the molarity of 
stock solution used.
It was found necessary to measure out samples 
of the 0.9M solution at a temperature of 30°G, since its 
boric acid content exceeds that of saturated solutions at 
room temperature. At 15^0 the solubility of boric acid is 
approximately 41 g. per 1000 g. of water, which gives a 0.66M 
solution (39). The following procedure was therefore found 
more convenient in investigating almost saturated boric acid 
solutions: a stock saturated solution was prepared at 15^0,
the temperature being chosen as that just below the lowest 
laboratory temperature. The solution was then filtered to 
remove any undissolved boric acid, and was next divided into 
two - one part being adjusted to a convenient high pH by
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addition of solid sodium hydroxide* Measurements of pH were 
then made on mixtures made up of various proportions of the 
two solutions, and the results were expressed graphically as 
before, so that solutions of any desired pH value could be 
subsequently formulated.
Glassware etc.
All glass apparatus used v/as previously treated 
with a sulphuric acid-potassium dichromate cleaning mixture, 
and rinsed out with distilled water. The rubber bungs used 
on flasks were previously boiled in a weak solution of sodium 
carbonate, followed by boiling in dilute hydrochloric acid 
and then in several quantities of distilled water,
II. Equilibrium experiments 
using the batch technique.
Suitable quantities (0.5 or 1.0 g.) of the resin 
were weighed out into a series of dry 150 ml. conical flasks 
and 75 ml. samples of a boric acid solution (adjusted in pH 
as described above) were added to the resin* The resin- 
solution mixtures were stoppered with rubber bungs. Nine 
days were allowed for equilibrium to be established between 
solution and resin phases, each flask being mechanically 
shaken for at least 2 hrs. each day. Experiments for longer 
times showed these periods to be adequate.
Each solution was then separated from the resin
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by filtration through a small dry column ( 1 cm. internal 
diameter, 10 cm. long) containing a glass wool plug. The 
filtrate was retained for analysis of the boron content and 
for pH measurements.
The resin was then flushed into the column and 
rapidly washed with a stream of water,(ca. 50 ml.) under 
suction, to prevent interaction between the resin phase and 
the partially diluted solution. A further 300 ml. of water 
were then passed slowly through the column to complete the 
washing. All washings were rejected. The chloride still 
sorbed on the resin was then eluted with 300 ml. of 2N. nitriC: 
acid, the rate of elution being adjusted to take appx. 8 hrs. 
The concentration of chloride in the eluate was then deter­
mined. (NB. Annex I . describes expts. on washing the resin).
To find the capacity of the resin sample, it was 
completely converted to the chloride form by treatment with 
300 ml. of 2N hydrochloric acid, and washed free of excess of 
acid. The chloride was then eluted with 500 ml. of 2N nitric 
acid as before, and determined in the eluate. The capacity 
was found to vary from sample to sample ( see p. 9-10 ) and 
the results have been expressed in moles of chloride sorbed 
per equivalent of resin.
Since the quantity of chloride desorbed by the 
borate ions was found to be small, it could not be determined 
accurately in the solution phase and was therefore calculated
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by difference as follows:
chloride desorbed #  (capacity of resin) - (chloride still
/moles/ /moles of 0 1/ , sorbed)
/moles/
III. Analytical methods.
Boron was determined in solution as boric acid. Aliquot • 
portions ( 1 0 ml.) of the filtrate were first neutralised to 
methyl-red by dilute hydrochloric acid, then a slight excess 
of glycerol or mannitol was added and the solutions were tit* 
rated to phenolphthalein with standard sodium hydroxide.
It was found that sharper end-points were obtained using 
mannitol, since mannitoboric acids are stronger than glycero* 
boric (40), but satisfactory results were also obtained with 
glycerol provided this was neutralised to phenolphthalein 
before use. In titration of 10 ml. portions of 0.66M boric 
acid, an addition of appx. 4 g. of mannitol or 25 mis of 
glycerol proved sufficient.
The quantity of boron sorbed on the resin was 
obtained by difference from the boric acid concentration of 
the filtrate., and the initial concentration of the solution 
phase before addition of the resin.
Chloride . was determined gravimetrically as silver chloride. 
Measurements of pH were made with a commercial-type pH
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meter incorporating a glass electrode and a saturated calomel 
electrode. For strongly alkaline solutions an ”Alki” glass 
electrode was used (Cambridge Instrument Co.).
IV, Spectrophotometric experiments.
A "Unicam” single beam spectrophotometer incor­
porating a hydrogen lamp was used, and the fused silica cells 
were 1 cm. in crossection.
Preliminary studies showed however that in the 
concentration range studied, boric acid solutions do not 
absorb in the wavelength region 2000-3200 S.
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lON-EXCHANGE RESULTS
The five concentrations of boric acid-sodium 
borate solutions studied were 0,66, 0.6, 0.4, 0.2 and 0.02M, 
and 75 ml. samples of these solutions contained 50, 45, 30,
15 and 1.5 millimoles of boron respectively.
The resin chloride from 1.0 and 0.5 g. of the 
exchanger was approximately 3 and 1.5 milliequivalents res­
pectively.
Choice of the quantity of exchanger used
Preliminary batch experiments were made using 
only 0.25 g. of the resin. However the quantities of boron 
sorbed on the resin were found to be inconveniently low, and 
the experiments were abandoned in favour of those using 0.5 g. 
of the resin. For later work, 1.0 g. samples were used in 
the interest of yet greater accuracy. Nevertheless, as can 
be expected from the law of mass action, doubling the quanti­
ty of resin used (while keeping the volume of solution con­
stant) does not double the amount of boron sorbed, although 
it appreciably increases the sorption. Also, the use of 
larger quantities of exchanger increases the manipulation' 
difficulties and requires larger volumes of eluting solutions. 
A compromise has therefore to be found between the quantity 
of resin used and the total sorption of boron obtained.
Thus in later work on boric acid, and subsequent
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011 solutions of arsenites and tellurates, it was found more 
convenient to use 1 . 0 g. resin samples.
Presentation of results.
Results for the various concentrations of boric 
acid studied are shown in graphical form in figures 1-7, and 
also in tables 1-6. The boron sorbed and chloride desorbed 
at a particular pH value are expressed in moles per equiva­
lent of resin. The ratio of boron sorbed to chloride desor­
bed at a particular pH value gives the R value as described 
previously (p.14).
Unless specifically stated, all pH values repor­
ted in this work are those of the equilibrated solutions.
But it was found that although the pH of boric acid solutions 
changed slightly on attaining equilibrium with the resin, 
nevertheless this change was not greater than ca. 0.3 of a 
pH unit compared with the initial value. The greatest pH 
change occurred in the very low and very high pH regions.
In the 0.66 and 0.6M solutions the sorption of 
boron reached a maximum at pH 7.6, and the maximum chloride de­
sorption occurred at pH 8.5. For 0.4 and 0.2M solutions this 
boron maximum came at pH 8 . 0  and 8.5^ whereas the chloride 
maximum occurred at pH 8.7 and 9.1 respectively. There was 
therefore a divergence between the positions of the maxima,
i.e. a "chloride shift” (cf. p.18) which increased with
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increasing boron concentration of solution. The results 
appear to be independent of the quantity of exchanger used. 
The chloride shift for boric acid is shown in graphical form 
in fig.l below. It appears to reach a steady value when 
the concentration of boric acid in solution becomes ca. 0 .6M
c^hlorids 
shift ^0.6
0.4
Fig.l
Maximum
boron
iorption
0.2
For 0.02M solutions the desorption of chloride 
did not reach a maximum, for reasons which will be discussed 
later, and the chloride shift for this concentration was taken 
to be zero since the R value graph (fig.4) indicates no con­
densed species.
The following data have been collected from batch
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experiments using 0.5 g. of resin and 75 ml. of solution:
(a) Pig.2 shows the relation "between the concentration of 
solution and the maximum quantity of "boron sorted. This 
appears to follow an approximately straight-line relat­
ionship for concentrations above O.IM, but occurs at 
different pH values depending on the concentration of 
solution, as will be apparent on examination of figures 
4-7.
(b) The relation between concentration of boric acid and the 
maximum quantity of chloride desorbed is also given in 
fig.2. It appears that this maximum tends to reach an 
almost steady value as the concentration of boric acid 
becomes high.
Pig.2
M.ax.cUondg
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The maxiîiiimi amount of horon sorhed from solution 
by 0.5 g. of the resin was 11^, and 12% for the 0.6, 0.4 
and 0.2m solutions. For 0.02 and 0.66M solutions, where 
1.0 g. of resin was used, this figure was 13^ and 12^ respec­
tively.
(c) The pH value at which boron is first sorbed from solut­
ion varies with the concentration, and is given in fig.3. 
The values are only approximate as they have been obtai­
ned by extrapolation. Direct determination in this 
range of pH is difficult and inaccurate due to the small 
quantities of boron sorbed on the resin.
Fig. 3
pH
7
6
5
M.Q.Z
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It may be seen that as the concentration of-boric acid is 
increased to saturation, the pH at which boron is first sor­
bed tends towards a steady value in the region of pH 4.9'.
THE STRENGTH OF BORIC ACID
The dissociation constant of boric acid has been 
determined by several workers, but its value is so small that 
the results are of doubtfn.l accuracy.
Thus Kj is quoted variously as 5.7-6.4 x 10 41)
which makes the uncondensed orthoboric acid approximately 
equal in strength to p.chlorophenol and weaker than hydro­
cyanic acid. The second dissociation constant Eg is estima-
-13 -14
ted as 1.8 x 10 and Eg as 3 x 10 which is of the order
of the acid strength of glucose and mannitol respectively,.
(42,43)
Nevertheless boric acid is well known to form 
chelate complexes with certain cis-polyhydroxy compounds, with 
a consequent decrease in the firmness of the bonding of its 
acid hydrogen. This permits the titration of boric acid as 
a relatively strong acid (44), (cf. p.40),
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DISCÏÏSSIOÏÏ
Prom the present study It appears that horic 
acid is not strong enough to he sorhed on the resin at its 
natural pH, under the conditions of an equilibrium experiment. 
The pH must first he raised hy addition of alkali, e.g. to 
form sodium horate which dissociates giving a higher quantity 
of horate ions than does free horic acid. The sorption of 
horate ions therefore occurs at a' higher pH value, at which 
the horic acid-sodium horate mixture provides a sufficient 
quantity of horate ions.
For example in an equilibrium experiment using
1.0 g. of resin in the chloride form, and 75 ml. of 0.66M 
horic acid, the pH of solution would have to he altered from 
3.9 to ca. 4.7 before sorption could he detected.
Nevertheless, as shown in fig.3 p.46., the higher 
the horic acid concentration of solution, the lower is the pH 
value at which horate ions begin to he sorhed.
I. Relatively weak horate solutions 
0.02M Boric acid experiments, (fig.4 and table 1)
The R value obtained in the pH region 7.5-8.0 is 
unity, which indicates sorption of monohorate ions HgBOg . 
Monohorate must also he the predominant form existing in solu­
tion at this concentration, as one would expect any ions deri-
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ved from the stronger polyhoric acids to he more readily sor­
hed on the resin. At higher pH values R steadily decreases,
which may he due to sorption of small amounts of HBO3 (R: 0.5) 
or BOg (R : 0.33). Sorption of a species with a higher ionic 
charge is indicated hy the fact that whereas sorption of horon 
comes to a maximum at pH 9.5, the chloride desorhed continues 
to increase throughout the whole pH range studied.
However, overmuch significance cannot he attribu­
ted to the variations observed at higher pH, as the results f
cannot he calculated with greaf accuracy owing to the small
amount of horon sorhed from 0.02M solutions. The posssihility 
of sorption of small quantities of carbonate or hydroxide ions, 
to give fractional R value, cannot he completely discounted 
although the concentration of hydroxide ions only becomes 
appreciable above pH ca. 11.
It is of interest that no horon sorption hy 
0.25 g. quantities of resin could he detected from 0.002M 
solutions (75 ml. samples).
II. Borate solutions of higher concentration. 
Introduction.
The R values (figs.5-7, tables 2-5) obtained 
with 0 .6 6 -0 .2M horic acid solutions indicate that condensed 
horate ions are being .sorhed hy the rosin at pH values below 
ca. 10. The degree of condensation is greater at lower pH
. -50-
and at higher horon concentrations of solution. Tahle 6 shows 
the maximum R value obtained for each of the concentrations 
studied.
Table 6 .
Ooncentr.
(M)
■.. . ... . .—1
Maximum - 
"R"
0.66 5.0
0 . 6 5.0
0.4 ca4 • 0
0 . 2 ca3.0
0 . 0 2 1 . 0 ;
. ..
At pH values greater than ca. 10, R tends towards unity irres­
pective of the horon concentration of solution, indicating 
the progressive sorption of a univalent monohorate ion.
This would agree with the views of Carpeni (30-32), Souchay 
(33) and Lourijsen-Teyssedre (36) all of whom consider that 
monohorate ions are the chief species existing in solution in: 
this pH region at all horon concentrations.
That monohorate ions are the sole species present 
in sodium horate solutions (which possess a pH greater than 
ca. 1 0 ) over a wide range of concentrations, has-been shown 
by other workers using cryoscopy (25,45) and Raman spectra 
(46) methods.
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The chloride shift obtained with all 0*2-0.661 
solutions indicates the existence of an intermediate poly­
valent condensed species, whose R value would bo loss than 
five (cf. p.18 seq.)* An interpretation of the present res­
ults can be given on the basis of the equilibrium :
BgOg'frd* B^O" ;=r' EgBOg"
existing in solution, in such a way that dilution or a rise 
in pH displaces the equilibrium to the right. These are in 
fact the conclusions reached by Lourijsen-Teyssedre (36) who 
states further that the formation of penta-, tetra- and mono­
borate ions overlaps to some extent.
0.6M boric acid experiments, (fig.7 and table,4)
Let us consider the data obtained for 0.6M solu­
tions in the light of the above equilibrium. The maximum R 
value obtained is five, and remains unaltered on increasing 
the concentration to near-saturation (i.e. 0.66M boric acid 
solution, see table 5). This indicates sorption of BgOg and 
it seems probable that in this region of pH the concentration 
of ions other than the pentaborate is negligible in solution.
A decondensation to B 4 O7 on increasing the pH will explain 
the chloride shift, since the peak in boron sorption at pH 7.6 
will be due to the replacement of pentaborate ions by those 
of a slightly weaker and less condensed acid, whereas desorp­
tion of chloride continues to increase due to replacement of
-52-
a univalent ion on the resin hy a bivalent one. Sorption of 
chloride then comes to a maximum at pH 8.5, due to an increa­
sing sorption of the much weaker singly charged monoborate 
ion HgBOg .
Which of the polyborate ions will be sorbed on 
the resin under given circumstances, is governed by the follo­
wing three factors :
(i) The degree of dissociation of a particular polyboric 
acid, i.e. the concentration of the respective poly­
borate ion in solution,
(ii) The charge on the ion, and the overall boron concen­
tration of solution.
(iii) The hydrated ionic radius of the anion.
The first two factors may at times reinforce, or work in 
opposition depending on the conditions.
If the bivalent tetraborate ions existed predo­
minantly in a certain pH range, this would be indicated by a 
near-constancy in the R value curve in this region. Further­
more, R: 2 would occur somewhere between pH 7.6 and 8.5, the 
values for the boron and chloride peaks (see p.19). This is 
not obtained in practice, and it is probable that the 
ion (when it exists) is aIways present with a relatively large 
quantity of B^Oq or HgBOg or both, depending on the pH.
This is in agreement with the data obtained by Lourijsen- 
Teyssedre, and already referred to on p.35.
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The interpretation given above can be briefly summarised 
as follows:
moles
per
equiva­
lent of 
resin.
^ B*""f
Boron • . 
sorption/
/ f I
/ Chloride | 
desorption
i I
6.2ca pH
(a) Up to ca. pH 6.2, B^Og ions are sorbed on the resin 
almost exclusively.
(b) As the pH rises, the sorption of BgOg increases, along 
with progressively greater quantities of B^O^ , giving 
rise to a steady decline of the'R value.
(c) The concentration of B^On should reach a maximum some­
where between pH 7.6 and 8.5, but the R value in this 
region is well above 2 which shows that appreciable 
quantities of the pentaborate are still sorbed on the 
resin.
(d) A small quantity of HgBOg is possibly present in solu­
tion even at low pH. The sorption of the monoborate 
becomes significant at ca. pH 8.5, and is responsible for
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the decline in • chloride desorption at higher pH values. 
Nevertheless, the sorption of B^Og and is still
appreciable in the pH region 7-10, although that of the 
pentaborate is on the decline.
(e) Sorption of the monoborate becomes exclusive at pH ca.ll 
where the R value-approaches unity.
In this way it is probable that all the three 
species referred to are capable of existing together over a 
relatively large pH range, which tends to disagree with the 
postulate put forward by Carpeni (30) that an equilibrium 
exists due to two ionic species only, one of which is the 
HBgOg"*ion.
Prom the results for 0$6M solutions, an attempt 
has been made to calculate the proportion of each ionic spe­
cies sorbed on the resin at various pH values. Of necessity, 
for the purpose of calculation, it had to be assumed that , 
only two different ionic species were present at any particu­
lar pH value, but the results are thought to be sufficiently 
of value to be included in the present description (fig,8 ).
The method used in calculating the data for fig.8 is described 
in Annex II in the final pages of this work.
At pH values above ca, 8.9 a salt crystallises 
from the equilibrium solution on standing. On analysis, this 
salt was found to have a Na:B ratio of 1:2, probably corres-
Fig. 8
Sorption T^rci',ciad
ions , ccdcuLcxted assuming only species 
to be presetd: at o-tlmje.
2.0
Calculated sorption of boron :- 
-O - as B^ Og ions
as 84 0 ;' 
CLS H^BO^
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ponding to WagB^ Orj/ . It is significant that this is the pH 
region at which the results in fig.8 indicate that the con­
centration of sorhed on the resin approaches a maximum.
0.4 and 0.2M horic acid experiments, (figs.5-6, tables 2-6)
As the horon concentration in solution is dimi­
nished, the trend in R values indicates that progressively 
less pentaborate ions are sorhed bn the resin relative to the 
bivalent tetraborate ions. Thus at pH values corresponding 
to those of the chloride shift (8 .0-8.7 for 0.4M, and 8.5- 
9.1 for 0.2m solutions) the R values tend increasingly towards 
two. Furthermore, the decrease in the chloride shift obser­
ved on decreasing the boron concentration (fig.l, p.44) is 
due to the decrease in concentration of both the pentaborate 
and the .tetraborate ions in solution, and therefore a smaller 
pH range in v\rhich the former décondensés into the latter.
Streng.th of the polyboric acids, and the relative affinity 
of the polyborate ions for the resin.
So far it has been assumed that the affinities
of the pentaborate and the tetraborate ions for the resin do
not differ widely, but that the strength of pentaboric acid
is nevertheless slightly higher than that of tetraboric.
That this assumption is reasonable can be deduced from the 
work of Kolthoff (22), Thygesen (24) and Stetten (34) who
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showed that the polyhoric acids are all of comparable strength 
although considerably stronger than monoboric acid.
A series of ''chloride competition" batch experi­
ments were performed on C.2M solutions in an attempt to find 
a definite change in the R value, which would indicate the 
ion with the stronger affinity for the resin (of. p.2 2 ). 
Although 1.0 g. resin samples were used and the chloride con­
centration of solution was 1.0 mmoles per 75 ml. (added as 
sodium chloride), only a slight increase in the value of R 
was observed, which implies that the affinity of the penta­
borate ions for the resin is not much greater than that of 
the tetraborate at this concentration. It may bo, however,
, that the pentaborate is not present in sufficient quantity 
for any marked difference in sorption to bo obtained. The 
results are given in table 7.
III. Other interpretations of the present work.
Although the results described can bo completely 
interpreted on the basis of the conclusions of Lourijsen- 
Teyssedre, i.e. the presence in solution of the penta-, tetra- 
and monoborato ions, nevertheless other interpretations could 
bo advanced.
The chloride shift could likewise be explained 
by assuming the ion HB5 6 9 (R: 2.5) postulated by Carpeni (32)
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to be sorbed over the middle pH range either in place of, or 
as well as the bivalent tetraborate ion. It is also possible 
and logical that the ion HB^Oy (R: 4) (37) occurs as an inter* 
mediate between the B^Og and B^Oy*" ions.
At this stage it would be unwise, by considerat­
ion of ion-exchange results alone, to favour any one of these 
interpretations in particular. Nevertheless, it must be poin­
ted out that (i) during the course of experiments on 0#6M 
boric acid solutions, a salt thought to be NagB^Oy did in 
fact crystallise out in the pH range at which from ion-exchan­
ge work the concentration of B^Oy is thought to approach a 
maximum; , (ii) Lourijsen-Teyssedre's interpretation is
in agreement with our present knowledge of solid borates.
A short review of these is given below.
IV. Comparison with solid borates.
Polyborates, which exist in unknown quantities 
in solution, are known to be plentiful in the solid state and 
various degrees of condensation have been attributed to them 
(4, 47). Although the complex species which exist in the 
solid state are not'necessarily the same as those which exist 
in solution, it is interesting at this stage to compare the 
data so far considered with the results of investigations of 
solid borates.
An early study (48) of the system MgO-BgOg-HgO
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reveals that the following salts will separate from solution 
at 30°C.
LiBOg BigB^Oy x aq. LiBgOg 5 aq.
NaBOg NagB^Oy 10 aq. NaBgOg 5 aq.
KBOg KgB^Oy 4 aq. KBgOg 4 aq.
oA later study (49) of the system NagO-BgO^-HgO at 60 C shows 
presence of the following salts:
NagO.SBgOg.lOHgO pentaborate decahydrate (NaBgOg 5HgO)
NagO.SBgOg.bHgO borate pentahydrate (NagB^Oy 5HgO)
Nag0.Bg0g.4Hg0 metaborate tetrahydrate ( NaBOg 2HgO)
NagO.BgOg.HgO metaborate monohydrate
2Nag0.Bg0g.Hg0 hemihydrate.
In the study of ammonium borates, the tetraborate"and the 
pentaborate were also found.
It is clear therefore that the solid alkali 
borate systems tend to support the claim for the existence of 
the penta-, tetra- and monoborate ions in solution. However 
other borates are known which do not fit this classification:
e.g., C a g B 5 H g O  . Colemanite. 
BMggBgO^g.MgClg Boraoito.
NagB^Oy. CagBgO-j^ -j^  16HgO
Also, phase studies of the system BgOg-HgO are claimed to
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indicate that the only stable hydrates are HBOg (metaboric 
acid) and HgBCg (orthoboric acid). The hemihydrate HgB^Oy 
(tetraboric acid) although reported in the older literature 
apparently has no stable existence (50). Other vapour press­
ure studies of boric acid (51) appear to show that it is pre­
sent in the solid state as hBgOg.HgO where n has values from 
1 to 8 . Similarly Michel (52) describes a series of solid 
borates which give Bg^Og^ ^ where n is 1 -6 .
From X-ray diffraction work, Zachariasen (53) 
has shown that crystalline boric acid consists of a vast net­
work of B(OH)g groups held together by hydrogen bonds, and 
Raman spectra studies tend to support this conclusion (54).
It may be therefore, that on dissolving a quantity of boric 
acid in water, the hydrogen bonds between boric acid molecules 
are progressively broken down and replaced by bonds between 
boric acid and water molecules. In this way a large number 
of ionic species may be formed whose degree of condensation 
gradually decreases with dilution. Of the various borate 
species formed, only some may exist in sufficient quantity 
to be detected - or be stable enough to form solid salts,
V. Conclusions and general comments
The following outstanding points can be drawn fccm this work:
(a) No condensed borate ions appear to exist in 0.02M solu­
tions of boric acid.
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(b) The most condensed species sorbed on the resin from 
concentrated solutions is the univalent pentaborate, 
which agrees well with the conclusions reached by the 
majority of previous workers.
(c) It is apparent that a bivalent condensed species exists 
as an intermediate.
(d) Results can be interpreted if it is assumed that an equi­
librium exists in solution (above 0.02M) between the 
univalent pentaborate, bivalent tetraborate and the uni­
valent monoborate, although other ionic species may
also be present.
(e) Decondensation of polyborate ions is achieved by dilution 
or by raising the pH of the solution,
( f) The results appear to exclude the existence of a unique 
equilibrium in borate solutions between HBgOg (R: 2.5) 
and ,ions over the whole pH range, as postulated
by Carpeni. But such an equilibrium could exist in more 
concentrated boric acid solutions above pH ca.9.
Below pH 9 the R values found are too large for the sorp­
tion of HBgOg*"** as the only condensed species, and the 
results clearly point to the sorption of more than one 
polyborate ion.
In conclusion, it is probable that the boric acid system is 
far more complex than hitherto assumed. Intermediate conden­
sed species certainly cannot be resolved adequately by the use 
of ion-exchange methods, just as they cannot be resolved using 
the classical methods described by previous workers.
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TABLE 1.
(Data for fig, 4)
Ig. AmberlltG IRA 400-Cl 
75ml, of solution (0.02M Boric Acid)
pH
moles per
.- -.-..- "!
eq, resin
RB sorbed
0 1 - 
desorhed
7.73 0.0132 0.0191 0.69
8 . 0 1 0.0358 0.0370 0.97
8.17 0.0359 0.0633 0.59
8.85 0.0597 0.0751 0.80
9.39 0.0770 0.0940 0.82
9.43 0.0701 0.0977 0.72
9.49 0.0740 0.0953 0.78
9.78 0.0743 0.1071 0.69
9.84 0.0678 0.1139 0.60
10.26 0.0612 0.1180 0,52
11.40 0.0418
..........-....
0.1465 , 0.29
R values calculated from the "boron sorption
and chloride desorption gra phs (fig,4)
PR
7.5-7.9 1 , 0
8 . 1 0.90
8.5 0.85
9.0 0,81
9.5 0.73
1 0 , 0 0.58
1 0 . 8 0,39
11.4 0.29
R
-GO h-
TABLE 2
(Data- for fig.5)
0.5g. Amherlite IRA 400-01
75 ml. of solution (0.2M Boric Acid)
pH
r---------  - -
moles per equiv. 
of resin
RB
sorbed
0 1
desorbed
5.68 0.07 0 . 0 2 (3.43)
6.06 0.19 0.06 (3.08)
6.15 . 0.195 0.06 (3.30)
6.25 0.31 0.08
6.47 0.29 0.08 (3.90)
6.95 0.64 0,18 (3.55)
6.96 0.61 0 . 2 1 2 . 8 6
7.39 0.79 0.25 3.08
7,46 0.85 0.28 2.99
7.76 1 . 0 2 0,36 2.87
8 . 0 2 1 . 1 1 0.38 2.93
8.05 1 . 1 1 0.39 2.91
8 , 1 1 1.15 0.41 2.83
8.50 1.16 0.46 2.51
8.52 X 1.19 0.46 2.59
8.53 1.19 0,47 2.54
8.57 1.13 0.46 2.47
8.62 1.15 0.46 2.49
8.69 1.17 0.47 2.46
8.90 1.14 0.49 2.31
9.23 0.99 0.48 2.03
9.45 0.90 0.48 1 . 8 6
9.73 0.64 0.46 1.40
10.03 0.61 0.42 1.45
10.80 0.17 0.36 0.47
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TABLE 3
(Data for fig.6 )
0,6g. Amberllte IRA 400-01
75ml. of solution (0.4M Boric Acid)
pH
moles per equiv. 
of resin
RB
sorbed
0 1
desorbed
4.13 negl. 0.0117 —
5.81 (1.79)
6 . 0 2 0.728 0.184 3.95
6.98 1.57 0.424 3.69
7.40 1 . 8 6 0.530 3.51
7.48 1 . 8 8 0.543 3.46
7.97 1.93 0.600 3.21
7.98 2 . 0 0 0.606 3.30
8.41 .1.80 0.635 2,84
8.78 1.75 0.639 2.74
9.06 1.47 0.629 2.33
9.62 1.19 0,633 1 . 8 8
9.98 0.754 0.552 1.37
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TABLE 4
(Data for fig.7)
0.5g. Amberlite IRA 400-01
75ml. of solution (0.6M Boric Acid)
pH
moles per equiv. 
of resin
RB
sorbed
01
desorbed
4,50 0 . 2 0 2 0.0215 —
5.68 1.40 0.244 -
6 . 2 1 2 . 1 0 0.421 4.99
6.47 2.15 0.464 4.63
7.08 2.70 0.605 4.46
7.42 2.79 0.661 4.23
7.69 2 . 6 8 0.687 3.89
7.95 2.73 0 . 9 8 2 4.01
8.07 2.70 0.705 3.83
8.58 2.50 0.698 3.58
8.98 2 . 2 0 0 . 6 8 8 3,19
9.32 1.93 0.662 2.91
9.64 1.61 0.646 2.50
10.04 1.34 0.588 2.28
Results using l.Og. of resin;
pH
-- ------ !
R
5.63
5.79
5.90
6 . 0 0
5.25
4.88
4.98
(4.43)
- 6 0 0 -
TAB IE 5
(see p.37 of text) 
l.Og. Amberllte IRA 400-01 
75ml. of solution (0.66M Boric acid)
pH
moles per equiv. 
■ of resin
RB
sorbed
0 1
desorbed
4.94 0.422 0.0798 5.29
5.17 , 0.709 0.140 6.05
6.16 1.58 0.365 4,33
7.28 2.09 0.579 3.61
7.96 2.07 0.628 3,30
9.02 1.43 0.601 2,38
9.63 0.822 0.582 1.41
TABLE 7
l.Og. Amberlite IRA 400-01 
75ml. solution (0.2M Boric Acid)
1.0 mmole of chloride (in form of NaCl) 
added to each sample of solution.
pH
moles per equiv. 
of resin
RB
sorbed
Cl
desorbed
7.17 0.17 0 . 0 2 (7.92)
7.64 0.31 0.08 3.71
8.41 0.53 0.17 3.10
8.71 0.56 0 . 2 1 2.73
9.05 0.53 0.23 2.27
9.38 0.42 0.235 1.80
9.76 0.32 0 . 2 1 li49
10.60 0 . 2 1 0.19 1 . 1 0
11.48 0.16
.... .
0.18 0.89
PART III
STUDIES OF SOLUTIONS OP AHSENITES
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HI3T0RIGAL
In 1905, Auerbach (21) noticed that boric and 
arsenious acids have a similar tendency to undergo condensat­
ion in neutral and weakly alkaline solutions. He investiga­
ted 0.03-0.23M arsenious acid solutions by means of partition 
experiments between pentyl alcohol and water, and by competi­
tion with boric acid for limited quantities of a base.
In addition to the presence of simple monoarsenite ions, he 
inferred also the existence of diarsenite, and possibly also 
more complex ions in solutions of higher concentration. But 
the concentration of these condensed forms was thought to be 
low in dilute solutions.
some years later Garret, Holmes and Laube (55) 
determined the solubility of arsenious oxide in solutions 
containing increasing quantities of sodium hydroxide. They 
found the solubility to be greater than that which would be 
expected on the basis of formation of NaAsOg alone, and con­
cluded that salts derived from condensed arsenious acids were 
also present. Solutions containing 0.2-1,2 gm atoms of arse­
nic and up to 1 mole of sodium hydroxide per litre were stu­
died, and the presence of the univalent di- and tri-arsenite 
ions was inferred.
In work with more dilute solutions of arsenious 
acid, condensed ions could not be detected. Thus Roth and 
Schwartz (56) from freezing point measurements on 0.008-0.06M
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arsenious acid, concluded that the acid was entirely in the 
monomeric form. Similarly Carpeni and Souchay (26) could not 
obtain an Isohydric Point by titration of arsenious acid 
solutions (up to 0,2M) with sodium hydroxide, which implied 
to them an absence of condensed species in this concentration 
range.
In strongly alkaline solutions arsenious acid 
appears to be present in the monomeric form, even in relative­
ly high concentrations, A determination of ionic weight of 
the arsenite ion was performed by Brintzinger and Ratanarat
(57), who from dialysis experiments on O.IM potassium arsenite 
in 2M KOH concluded that the arsenite ion was present as 
As(OH)g"~.
The ultra-violet absorption spectrum of arsenious 
acid (up to O.IM) was studied by Goldfinger and von Schweinitz
(58). An absorption line was found at 2680 2 inmolar potass­
ium hydroxide, which was attributed to HgAsO? . On increas­
ing the alkali concentration to 12M another line was found at 
2800 2 which was thought to be due to HAsOg , and complete 
dissociation into HAsO* was assumed at this concentration.
It was suggested that these solutions might also contain small 
amounts of the AsOg ion, and the maximum concentration of 
H2ASO5 was thought to occur at pH 11.6.
More recently Souchay (59) repeated the solubil.- 
ity measurements of Garret, Holmes and laube,working with 
0.3-0.8M arsenious oxide solutions in sodium hydroxide.
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In order not to alter the activity coefficient of arsenious 
acid by varying the total concentration of ions present, he 
maintained the ionic strength constant by addition of sodium 
nitrate. Souchay also repeated Auerbach’s partition work but 
used octyl alcohol. He inferred that in arsenious acid solu­
tions up to 0»IM, the simple ions AsOg" exist exclusively, but 
the condensed form AsgOc" appears at higher concentrations (60) 
The monovalent diarsenite ion HAsgO^~ reported by previous 
workers was thought not to exist.
Recently, on examination of more concentrated 
arsenious oxide solutions (0.2-0.8M) Lourijsen-Teyssedre (61) 
succeeded in obtaining an Isohydric Point (cf. Carpeni and 
Souchay, 26). From the pH changes produced on diluting aque­
ous solutions of AsgOe, the Isohydric Point, and an interpre­
tation of Souchay’s solubility and partition experiments,
Lourijsen-Teyssedre concluded yet again that polyarsenites are 
present wholly as AsgOg and that the ion HASgO^ either does 
not exist or is present in undetectable quantity. In a criti­
cal survey of past work she states that the reason why Auer­
bach could not obtain an equilibrium constant without postu­
lating at least two condensed species was due to working with 
insufficiently concentrated solutions, which accentuated the 
errors involved in the technique used. The reason why Carpeni 
and Souchay did not obtain an Isohydric Point v/as also due to 
the concentration of the test solutions being so low that the
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formation of polyarsenites was only slight.
Lourijsen-Teyssedre calculated that in 0.2M solu­
tions of arsenious acid the maximum quantity of arsenic pre­
sent as AsgO§ is only approximately 1 0^ of the total and is 
undetectable by the techniques described by her, whereas in 
0.8M solutions this quantity approaches 50^ of the total.
THE STRENGTH AM) BASICITY OF ARSEHEOUS ACID.
An aqueous solution of arsenious oxide gives an 
acid reaction, and the customary formulation of the non-conden- 
sed arsenious acid thus formed is the ortho form HgAsOg or 
As(OH)g, nevertheless the acid cannot be isolated in the free 
state. The formula assigned to arsenious acid has not yet 
been settled, and one must consider other possibilities such 
as a meta acid HAsOg or AsO(OH), or a hexahydro acid H^a(OH)j  
Furthermore, the compound is stated to dissociate not only as 
an acid but also as a base (62).
The strength of arsenious acid is of the same 
order as that of boric acid. Its first dissociation constant 
has been determined by Goldfinger and von Schweinitz (58) 
from a pH titration curve obtained by use of several different 
indicators, and is quoted as 2-8 x 1 0 "^^, For the purpose of 
calculation, the acid was assumed to exist in monomeric form. 
Later determinations using the glass electrode are in good 
agreement with the above, and a value of 8 x 1 0 **^  ^at 25^C
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is reported (63).
The question now arising is whether or not a 
second dissociation constant exists for arsenious acid.
Prom the customary formulation H^AsO^ one would expect not - 
only a second hut also a third dissociation step, and we find 
that Kg has actually been determined spectrophotometrically 
by Goldfinger and von Schweinitz and found to be 1-6 x 10 .
But this evaluation is based on the tacit assumption that the 
ultra-violet absorption lines obtained (58) were indeed those 
of HgAsOg and HAsO^ , which has been disputed by later wor­
kers (6 8 ).
The above value for Kg is in reasonable agreement
with recent cryoscopic work of Souchay and Hessaby (64) who
find the second dissociation constant to be between lO"^^ and
10*"^  ^ (such that the average value is 1.7 x 10~^^) and state
that since K? cannot be measured by this method it must be
-15considerably inferior to 1 0
It is well known that alkali trimetallic salts 
of arsenious acid cannot be prepared except in alcoholic 
medium (65), and although a series of esters of the type 
As(OR)g are known they are obtained indirectly (62). On the 
other hand, as already stated, Brintzinger has found from 
dialysis work in strongly alkaline solutions that the ionic 
weight of the arsenite ion observed corresponds to the formu­
la As(OH)g which would be derived from a hexahydro acid 
HgAs(OH)gj . They therefore suggest that the formation of the
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tri-potassium salt is due to:.
3K0H -+ As(OH)„ 3= K lÀ.s(OH)J
3 ol , 6)
and not to ;
3K0H + HgAsOg =& KgAs02^3Hg0
A great many salts of arsenious acid correspond to the type 
M AsOg and a number of observations would appear to indicate 
that the acid is present in solution not in the ortho- but 
in the meta-form HAsOg, Thus J.K.Wood (6 6 ), from the measure­
ment of electrical conductivity and the catalytical influence 
on saponification of the methyl esters of acetic acid, sugge­
sts that arsenious acid is only monobasic. This view is 
shared by Britton and Jackson, Ishikawa and Aoki, and others 
(67) as a result of measurements using a glass electrode.
Recent evidence for the monobasicity'of arsen­
ious acid has been provided by osmotic measurements due to 
Stehlik (6 8 ), who noticed that hydroxy compounds have in gene­
ral a tendency to form a loose association with certain mono- 
hydric alcohols. Thus if a measurement is made of the rate 
of osmosis of mixtures containing various proportions of the 
hydroxy compound under test and a suitable alcohol, it is 
found that the rate is at a minimum at a particular stoichio- 
metrical ratio of the two compounds. The number of molecules 
of monohydrio alcohol present at this point for each molecule 
of the compound under test is termed the "rush number", and 
is taken to denote the number of -OH groups the compound
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possesses, or a simple multiple of it.
Thus the "rush number" for boric acid was found 
to be 3, showing that the acid is B (OH)g. Similarly the value 
for telluric acid was found to be 1 2 or 18 depending on the 
alcohol used, thus the acid is shown to be Te(OH)g. (cf. part 
IV of the present work). For arsenious acid, the graph of 
the rate of osmosis versus composition did not show a minimum, 
and therefore the rush number was inferred to be zero. This 
has been taken by Stehlik to signify that the ortho-form 
As(CH)2 does not exist, and the only alternative was conside­
red to be HAsOg, whose structure was suggested to be a chelate
ring: ^ . 0 .^
As ;^  . JAH 
^ " 0
In this way a structure devoid of -OH groups would be obtained 
and therefore there would be no possibility of adding on a 
monohydric alcohol molecule by forming a hydrogen bond between 
the two hydroxyl groups.
From the data of other workers Stehlik has given 
evidence that the chelate ring suggested by him is sterically 
possible. Since in chelate rings it is generally necessary 
to suppose an equilibrium between the closed cis-form and the 
open trans-form (69), which is partially dissociated, Stehlik 
suggests the following:
0. .As ,H
As'P" D'H ^  5=5 AsOgX, H
"'0 0 0
■f
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in such a way that the trans-form only exists in very small 
quantity and does not come into account when the rush number 
is measured.
It must be stressed that in his investigations 
of boric, arsenious and telluric acid, Stehlik used relatively 
dilute solutions, hence the effect of polyacid formation must 
have been insufficient to influence his results in any way.
The arsenious and 'telluric acid stock solutions used were both 
O.IM, and although the concentration of stock boric acid was 
0.5M all the three acids were further diluted by addition of 
variods quantities of 0.5-1.CM aqueous alcohol solutions.
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,S COPE OF THE PRESENT WORK
The maximum solubility of arsenious oxide at 25^0 
is 0.1035 moles per 1000 g. of water (55) which gives an appx.
0.2M solution of arsenious acid.
A literature survey shows that no condensed arseni­
te species are thought to exist in solutions up to O.IM. At 
concentrations in the range 0.1-0.2M, it is generally accepted 
by recent workers that the concentration of condensed species 
is not very large and that the most condensed species is the 
univalent triarsenite (AsgO§ or HgAs^Og ), but there seems 
to exist a disagreement as to the possible existence of a 
species of intermediate condensation. As in the case of boric 
acid, arsenious acid is found to décondense both on dilution 
and on raising the pH value of the solution by addition of 
alkali.
The object of the present work was therefore as
follows ;
(a) To find if the concentration of condensed arsenite ions 
in approximately 0.2M solutions is sufficient for these
ions to be sorbed in quantity on a strongly basic ion-exchanger 
under the conditions of an equilibrium experiment.
(b) To ascertain that the maximum degree of condensation of 
the polyarsenite ions is indeed threefold, giving rise
to AsgOg .
(c) To find whether a species of intermediate condensation
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(such as HAsgO^^) is really either absent or only present in
negligible quantities, as suggested by Lourijsen-Teyssedre.
(d) To trace the process of decondensation on increasing the 
pH of solution.
(e) In view of the conflicting evidence regarding the bacisi- 
ty of arsenious acid, to investigate the possible presen­
ce of polyvalent non-condensed ions (HAsO^ and AsOg )
which would indicate that an ortho-form of the acid exists.
(f) By means of spectrophotometry, to find if there is any 
simple relation between the ions sorbed on the resin
and those actually present in solution when the resin is
absent•
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(A).ION-EXCHANGE STUDIES
I. Preliminary.
Anion Exchanger. Preliminary studies showed that aresnious 
acid is sorbed by the strong base anion-exchanger Amberlite 
IRA 400 in the chloride form, as in the case of boric acid.
The exchanger was prepared as described previously ( p.36 )
Preparation of solutions*
As previously stated (p.69) a saturated solution 
of arsenious acid is approximately 0.2M at 25®C, but it was 
found that more concentrated solutions could be prepared.
The supersaturated solutions thus obtained were stable at room 
temperature for ca. 2 days.
Arsenious oxide is wetted by water only with 
difficulty, so stock solutions containing ca. 0.27 and 0.15 
g. atoms of arsenic were prepared by dissolving analytical 
grade arsenious oxide in the minimum quantity of boiling 
water and then diluting to the required volume. This was 
found to be more convenient than using large quantities of 
water at once, and is in agreement with the observations of 
Margulis and Ganc (70). These showed' that the arsenious 
oxide already dissolved in water seems to promote the further 
dissolution of solid AsgOg and that extraction by small quan­
tities of water will dissolve much more AsgOg than the same 
amount of water applied in a single extraction.
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In a preliminary experiment samples (50 ml,) of 
stock solution were diluted to 75 ml. by addition of various 
quantities of sodium hydroxide solution and water. The pH 
values of these solutions were determined, and a graph of the 
pH against the quantity of sodium hydroxide added was plotted. 
This enabled 75 ml. samples of arsenious acid (0.18 and O.IM) 
to be formulated subsequently at any desired pH.
II. Equilibrium experiments.
These were Carried out in a similar manner to 
that described for boric acid (p.38). One gram quantities of 
the resin were weighed out into a series of dry 150 ml. coni­
cal flasks, and 75 ml. samples of arsenious acid suitably 
adjusted in pH were added to the resin. After stoppering 
with rubber bungs the batches were mechanically shaken for 
approximately 2 hours daily for seven days, to enable an 
equilibrium to be established between the solution and resin 
phases. Experiments extending for longer times showed this 
period to be adequate.
Each solution was then filtered from the resin 
using a small dry column containing a glass wool plug, and 
subsequent treatment of the resin was exactly as described 
for boric acid (p.39).
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/ III. Analytical methods.
Arsenic was determined in the filtrate by titration with 
standard iodine, the procedure being as follows:
1 0 ml. portions of the solution were acidified 
with hydrochloric acid to methyl red, and an excess of sodium 
bicarbonate (ca. 1 g.) was added. The mixture could then be - 
titrated with N/lO iodine solution (standardised by means of 
AsgOg) to a starch end-point:-
HgAsOg + Ig -(■ HgO —  H3ASO4 : + SH'*' + 2l"
Chloride determinations and pH measurements were performed 
as described on page 40.
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IV. Results of Ion-Exchange studies.
■ The two concentrations of arsenious acid studied 
were 0.18 and O.IM, and therefore 75 ml. samples of these 
solutions contained 13.5 and 7.5 millimoles of arsenic respec­
tively. The higher concentration was chosen as 0.IBM in order 
to he as close as possible to a saturated solution of arsen­
ious acid at room temperature without having to thermostat 
the experiment. In view of the necessity of shaking each 
batch experiment, thermostatting would be a cumbersome process,
The results of ion-exchange experiments are shown 
in graphical form in figures 9-10, and also in tables 8-9. 
These include sorption of arsenic on 1.0 g. resin sarnies, 
the desorption of chloride and the R value at various values 
of pH, the pH being (as before) those of the equilibrated 
solutions.
The maximum sorption of arsenic from solution 
was ca. 1 2 ^ of the total in both the concentrations studied. 
The maximum R value obtained approaches 3 at low pH in the 
more concentrated solutions, but remains steadily at unity in 
the O.IM solutions.
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(B). SPECTROPHOTOMETRIC STUDIES
Experimental.
A "Unicam" SP 500 single beam spectrophotometer, 
incorporating a hydrogen lamp, was used throughout. The cells 
were of fused silica, and 1 cm. in crossection.
The arsenious acid solutions used wore of the 
same concentration and in the same pH range as those for the 
ion-exchange experiments. As sodinm hydroxide itself was 
found to absorb appreciably in the wavelength range studied 
(ultra-violet: 2200-3200 R), the reference solutions wore
made to contain the same concentration of sodium hydroxide as 
the solutions under test.
Results. .
The ultra-violet spectrograms obtained show • 
sharp absorption edges, which move to longer wavelengths as 
the pH of solution is increased (fig, 11-12). It appears 
therefore that arsenious acid behaves like an inorganic indi­
cator acid whose colour change takes place in the ultra-violet 
range of light. , Similar behaviour has been noticed in solu­
tions of telluric acid by Jander and coworkers (71) and is 
analogous to the colour change observed in dichromato solu­
tions on decondensation to chromato (15)
The extent of shift of the spectrograms for 
arsenious acid as the pH is altered is shown on figs. 13-14,
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whore the wavelength corresponding to 50^ absorption is plot­
ted against the corresponding pH of solution. In this way 
wo may find the pH region corresponding to the greatest shift 
of the absorption edge.
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DISGUSSIOÏÏ ,
0.18 M solutions of arsenlous acld,
The natural pH of the solution is oa, 5.0, and 
the sorption of arsenic from 75 ml. of solution on 1 g. of the 
resin appears to begin at pH oa. 5.1. This is in direct con­
trast to the data obtained by study of almost saturated solu­
tions of boric acid (see page 48)■#hich required a relatively 
large pH increase before boron was sorbed on the resin under 
similar conditions. In view of the similar dissociation con­
stants of monomeric boric and arsenious acids, this suggests 
that the polyarsenite ions present in almost saturated arseni­
ous acid solutions either exist in far greater quantity or 
have a greater affinity for the resin than polyborate ions 
under corresponding circumstances.
The maximum sorption of arsenic was found at 
pH 9.2, whereas a maximum in the desorption of chloride occur­
red at pH 10. As in the anion-exchange investigation of boric 
acid, this "chloride shift" indicates that as the pH of the 
arsenious acid solution is increased by addition of alkali, 
a transition occurs from the sorption of a univalent condensed 
ion by'the resin to the sorption of a multivalent ion of lower 
R value.
The sorption of a mixture of As^Og (H; 3) and 
(R: 1) in the pH region 5-9 would explain these results.
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the ionic equilibrium in solution changing in favour of As^O^ 
as the pH increases. In this way the decrease in R value 
from ca. 2.8-2.5 down to 1 will be accounted for. As the maxi­
mum R value obtained closely approaches 3 but 'does not actu­
ally attain this value, it is reasonable to suppose that the 
most highly condensed ionic form (AsgOg ) is always sorbed 
with an appreciable quantity of the species of lower conden­
sation (AS2 O4 ).
Prom the theoretical considerations described 
previously .(p. 19) the bivalent diarsenite ion (R : 1 ) should 
reach maximum concentration in solution at a pH intermediate 
between that corresponding to the peak arsenic sorption 
(pH.9.2) and that of the maximum in chloride desorption (pH 10). 
It is significant that the R value obtained in this region 
does in fact closely approach unity.
But whereas the value of R remains steadily at 
unity in the pH region 10-11, the desorption of chloride dec­
reases. This implies a further change from AsgO^ to HgAsOg 
(both of R : 1). Above pH 11 the chloride desorption curve 
rises steadily, whereas the arsenic sorption curve falls and 
flattens out. The R value in this region tends towards 0.5.
This suggests that at higher pH values the species HAs0~~ is 
being sorbed, and is in agreement with the observations of 
Goldfinger and von Schweinitz (58).
Wo may summarise the above conclusions as follows.
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Tho ionic system present in concentrated arsenious acid solu­
tions at a given pH is a direct consequence of a decondensat­
ion reaction involving several ionic forms. The predominant 
species are given below:
AS3 O5 " AsgO^” ^  HgAsOg"
In C.18M solutions, it is probable that As*Oc is always pre­
sent in conjunction with appreciable quantities of AsgO^
As the pH increases, a decondensation proceeds through AsgO^ 
(which should be at maximum concentration in solution at a 
pH between 9.2 and 10) and eventually the acid completely 
décondenses into HgAsOg at pH ca. 10. Between pH 10 and 11, 
the . univalent monoarsenite exists predominantly.
It would be reasonable to expect that the ion 
HAsgO^ (R: 2 ) will also exist as an intermediate, since the 
divalent ion of the same degree of condensation is indicated. 
But this form cannot be resolved by an ion-exchange technique, 
and it is probable that its concentration at any time is rela­
tively small.
If the above interpretation is correct, and if 
the quantities of thevarious ionic species sorbed on the re­
sin are related to the ionic state of the solution when the 
resin is absent, then there should be a resemblance between 
the pH values corresponding to changes observed in the ultra­
violet spectrum, and the pH values at which an ionic change
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is inferred from ion-exchange data. This is indeed obtained, 
and we find (Pigs. 13-14) that in the pH range ca. 6-10 
there is a large displacement in the spectrograms. This may 
be attributed to the decondensation from the univalent tri- 
arsenite to the monoarsenite (with the diarsenite as an inter­
mediate) which occurs in solution as the pH is Increased.
In the pH region 10-11, the displacement of absorption edges 
is negligible, and coincides with a steady R value of unity 
obtained by ion-exchange methods. Spectrophotometric results 
indicate therefore that in this region of pH the HgAsO," ion 
is the sole form present in solution, although the ion- 
exchange data seems to suggest that a significant quantity of 
AsgO/ ions is also present, especially at pH ca. 10.
Above pH 11, the displacement of absorption edges increases 
and is probably due to formation of polyvalent non-condensed 
arsenite ions in solution, as shown by a steady decrease in 
R to give fractional values,
0.1 M solutions of arsenious acid.
' As shown in fig.9, a maximum R value of unity 
is maintained in the pH region 7-9.5. This would at once 
suggest the sorption of the non-condensed arsenite HgAsO^" 
since the concentration of solution is sufficiently low for 
condensed ions to be absent or exist only in negligible quanti 
ty as shown by the results of other.workers (26, 56, 59, 61).
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Neve r the less, solely on the basis of iOn-exehange• experiments, 
an R value of unity would also suggest the ion AsgO^ which 
has already been cited as occurring in solutions of higher 
concentration.
Ion-exchange data alone is insufficient to diffe­
rentiate between these two ions, but spectrophotometric re­
sults (figil3) show that a marked shift of absorption edges 
occurs over the same pH range as that at which the R value 
remains at unity. If therefore the ionic state of an arsen­
ious acid solution, is unaltered by the presence of the resin 
(and results already quoted show this to be so for 0.IBM solu­
tions ) , then we may core late the ion-exchange results with 
those obtained by spectrophotometry. Thus we may interpret 
the shift in absorption edges observed as indicating that an 
ionic change is taking place in the pH region 7-9.5. As this 
coincides with a steady R value of one, the change must be :
AS2 O4  ^ HgAsO^
Above pH 9.5, the arsenic sorption decreases and 
concurrently the value of R becomes progressively less than 
unity, suggesting a gradual formation of HAsOg ions (R : 0.5) 
in solution. This tendency is slight at first, as shown by 
the flatness of the chloride desorption curve in the pH range 
9.5-11.5, and also by the fact that little change in the ultra­
violet spectrum is found over this range . But as pH 12.5 is 
approached, at which R becomes 0.5, the desorption of chloride
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increases appreciably with a corresponding decrease in the 
sorption of arsenic, which could only be explained by the 
sorption of a multivalent ion (i.e. HAsOg"* ). A marked in­
crease in displacement of the absorption edges is also found 
at this point.
Above pH 12,5, there is a yet more rapid decrease
in the sorption of arsenic, coupled with a steady increase in
the desorption of chloride. This suggests the sorption of 
hydroxyl ions by the resin, the concentration of which is now 
becoming appreciable in solution. But it is not precluded 
that a species such as AsOg (R: 0.33) may be taken up by the 
resin in this pH region. The existence of this ion in solu­
tions above pH 12 has been suggested by the work of Brintzin- 
ger and Ratanarat (57) and Goldfinger and von Schweinitz (5 8 ),
That the sorption of hydroxyl ions is not as
great as might be expected at such high pH is shown by the
fact that although at high alkalinity the pH values of the 
equilibrium solutions were found to be consistently lower than 
those of the initial solutions, nevertheless this discrepancy 
was.never greater than ca. 0.2 pH unit over the whole pH range 
studied.
We may therefore interpret the ionic changes 
occurring in O.Bî solutions of arsenious acid, as being due 
to a gradual transition taking place as the pH is increased, 
as follows:
AS2 G4 —  ^ HgAsO^ ^  HAsOg , AsOg
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Decondensation is complete at pH ca, 9.5, and 
the univalent monoarsenite is probably the predominant species 
in the pH region 9.6-10.5 although it is always present here 
with a significant quantity of AsgO^ or HAsO* . This latter 
is at a maximum concentration at pH ca, 12.5,
CONCLUSIONS AND GENERAL COMMENTS.
The results of ion-exchange and spectrophotometric investigat­
ions of solutions of arsenious acid suggest the ,following 
information;
a The most condensed species present in concentrated aque­
ous soultions of arsenious oxide appears to be the uni­
valent triarsenite ion AsgOg or HgAsgOg , this being in 
agreement with the majority of previous workers. The concen­
tration of this species at low pH is sufficiently high for it 
to be sorbed in appreciable quantity on a strongly basic anion- 
exchanger under the conditions of the equilibrium experiments 
described. Nevertheless the ion is always sorbed with signi­
ficant quantities of a species of lower condensation.
A divalent species of intermediate condensation undoubted­
ly exists. Rcom R value considerations, this ion is 
thought to be AsgO^ , although the sorption of a species such 
as HAsgOg" (R: 1.5) instead of or along with AsgO^ might also 
be considered possible on the above evidence.
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As the pH of solution is increased, a gradual deconden­
sation to the univalent monoarsenite takes place. On 
further increase in alkalinity R values of less than one are 
obtained, which cannot be explained solely on the basis of 
sorption of hydroxyl ions on the resin. Evidence therefore 
points to the existence of a bivalent (and possibly also tri- 
valent) monoarsenite ion* Thus the formula of monomeric arsen­
ious acid is thought to be H^AsOg and not HAsOg (cf. 6 8 ) and 
among the ionic forms which may be present in solution under 
various conditions, we may expect AsgOT" , HgAsO^",
HAsOg ■ and AsOg . It is not precluded that.other inter­
mediate species may also exist.
d1 As shown by a comparison of spectrophotometric and ion- 
exchange results, the ionic state of the solution is
similar whether the resin is present or not, and depends only 
on the pH and the concentration.
Comparison with solid arsenites.
A phase diagram of the system NagO-AsgO^-HgO 
at 30®C was obtained some years ago by Schreinemaker and 
de Baat (72), But this did not stand up to a later examinat­
ion by Nelson (73), who found that his observations on the 
sodium arsenites were inconsistent with some of the data 
reported. Accordingly Nelson repeated the phase diagram at 
35^0 and found, that only four arsenites were formed:
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(a) NagO . SAsgOg (NaAs^Og)
(b) NagO . AsgOg (NagAsgO^ or NaAsOg)
(c) 2NagO . AS2 O5 .7H2 O (Na^AsgOg.THgO)
( d.) 2 NagO • AsgO^ (Na^AsgO^)
The compound bNagO . SAsgOg* 26HgO (Na^QAs^O^i'^G HgO) 
claimod by Schreinemaker'and de Baat was not obtained.
The existence of compounds (a) and (b) is consis­
tent with the presence of the condensed arsenite ions AsgOg 
and AsgO^ already cited. In compounds (c) and (d) the com­
parison breaks down, unless they are considered to be derived 
from the ion HgAsgO^ (the hydrated form of AsgO^ ) by the 
replacement of the two hydrogen atoms.
It is noteworthy thab in the KgO-AsgOg-HgO system 
at 25^0 Schreinemaker found the compounds KgAs/Ow and 
KgAs^Oq .12HgO which do not fit the above classification at 
all.
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TABLE 8
(Data for fig.9)
l.Og. Amberlite IRA 400-Cl, 75ml. of solution (O.IM arsenious
acid)
pH
moles per equiv. 
of resin
RAs
sorbed
Cl
desorbed
7.37 0.051 0.053 0.96
7.59 0.090 0.082 1.09
8 . 0 0 0.146 0.138 1.05
8.08 0.168 0.157 1.07
' 8.27 0.180 0.178 1 . 0 2
8.52 0.224 0.217 1.03
8.77 0.260 0.260 1 . 0 0
9.10 0.323 0.317 1 . 0 2
9.24 0.324 0.319 1 . 0 1
9.40 0.333 0.340 0.98
9.44 . 0.326 0.338 0.96
9.50 0.330 0.337 0.98
9.65 0.328 0.353 0.93
9.74 0.334 0.350 0.95
9.98 0.319 0.362 0 . 8 8
10.28 0.297 0.366 0.81
10.70 0.280 0.363 0.79
1 1 . 0 2 0.268 0.367 0.73
11.31 0.256 0.367 0.70
11.50 0.246 0.377 0.65
11.82 0.236. 0.399 0.60
11.83 0.242 0.377 0.64
1 2 . 1 1 0.224 0.406 0.55
12.27 0 . 2 2 1 0.420 0.53
12.63 0.204 0.443 0.46
12.73 0.180 0.462 0.39
12.85 0.165 0.484 0.34
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TABIE 9 
(Data for fig,10) 
l.Og. Amberlite IRA 400-Cl, 75ml of solution (0.18M arsen­
ious acid)
mo le s/e qui V , of 
resin
pH As 1 
sorbed
Cl
desorbed
R
5.30 Ô.0Ô7 1 (0 .Ô2 2 1 —
5.67 0.007 (0.025) —
5.78 0.057 0.023 2.54
5.97 0.Ô26 (0.032)
6.03 0.058 0.024 2.43
6.04 0.066 0.025 2.62
6.07 0.066 0.028 2.41
6.18 0.066 0.027 2.50
6.46 0.092 0.033 2.76
6.69 0.103 0.037 2.76
6 . 8 6 0.136 (0 .0 2 2 )
7.38 0.183 0.087 2 . 1 2
7.74 0.290 0.126 2.32
8.33 0.456 0.244 1 . 8 6
8,62 0.523 0.275 1.90
9.00 0.590 0.371 1.59
9 . 2 2 0.596 0.394 1.51
9.47 0.589 0.414 1.42
9.99 0.496 0.430 1.15
1 0 . 1 2 0.444 (0.473) 0.94
10.42 0.414 0.410 1 . 0 0
10.67 0.383 0.397 0.96
10,70 (0.418) 0.399 1.04
11.18 0.361 0.399 0.90
11.35 0.350 0.405 0.85
11.69 0.341 0,432 0.79
11.75 0.359 0.435 1.04
11.98 0.350 0.446 0.78
1 2 . 2 0 0.319 0.466 0 . 6 8
12.47 0.323 0.499 0.65
12.70 0.292 0,505 0.58
12.75 0.324 0.517 0.63
12.89 0.291 0.526 0.55
13.02 0.301 0.559 0.54
PART IV
STUDIES OF SOLUTIONS OF TELLURATES
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HISTORICAL
Introductory.
That telluric acid is quite different from sele- 
nic and sulphuric, is shown by its strong tendency to polyme­
rise and to form colloidal solutions (74)* The simple form 
HgTe0 4 , analogous to H2 SO4 , does not exist although its salts 
are known. But apart from a few exceptions, the tellurates 
are not' isoraorphous with the sulphates and selenates (75).
Of the numerous forms of telluric acid reported, 
only two are now generally recognised as definite compounds 
and can be isolated (76). These are the ortho acid HgTeO^ 
and the poly-meta or "alio" acid (HgTe0 4 )^  , which is formed 
when the ortho acid is heated to 140^0 in a sealed tube. 
Nevertheless all preparations of allotellutic acid contain 
some ortho acid, from which they cannot be separated. (77)
The constitution of allotelluric acid has been 
determined by Patry, whose conductivity and neutralisation 
experiments give n a value of 1 0 , whereas ebullioscopic data 
on methyl and ethyl esters suggest that n is 11i 1 (78).
The alio acid is far stronger than orthotelluric acid and its 
conductivity is three or four times that of the latter. But 
on standing, the conductivity of an aqueous solution of the 
alio acid gradually falls to a value characteristic of the 
ortho acid, thus showing a depolymerisation which takes about 
three days for completion (79, 80).
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Tellurlc acids of Intermediate condensation.
So far, the two extreme states of telluric acid 
have been described: the non-condensed ortho acid-HgTeOg and
the condensed "alio" form (HgTeO^Ï^Q* Nevertheless salts of 
the hypothetical acids Hg'iegOy, HgTe^O^^ , and HgTe^O^^ have 
been reported although the acids themselves have not been 
isolated. (80, 81)
The fact that orthotelluric acid and its alkali 
salts have a tendency to polymerise seems to have been first 
reported by Rosenheim and Jander (82) as a result of conduc­
tivity measurements. They state that on heating the acid 
gradually polymerises, with subsequent formation of colloidal 
solutions and finally of allotelluric acid. But on cooling, 
the solution partially or wholly reverts to its original 
state. Polymerisation is also favoured by an increase in 
concentration of the solution, and conductivity experiments 
show that the polymer is more strongly ionised. However it 
was shown cryoscopically that the polyacids exist only in very 
low concentration at low temperatures.
Rosenheim and Jander also showed that the lithium, 
sodium and potassium tellurates behave in many ways like the 
free acid. Thus on heating an alkali tellurate, an optically 
inhomogeneous solution is obtained ("half colloid").
An investigation of the coagulation of telluric 
acid sols by chlorides of the alkali metals has been performed
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by Ghosh and Dhar, in presence of various quantities of the 
hydroxyl ion (83). They found that the hydroxyl ion sensiti­
zes the coagulation, and the mechanism wag attributed to a 
transition;
colloidal telluric polymerised ^  plngle mole-
acid molecules cules in
in solution solution
the displacement to the right being caused by the hydroxyl ion.
Little appears to have been done subsequently 
to elucidate the process of condensation from the ortho to the 
alio acid, until the work of Souchay and Teyssodro. In a brief 
report in 1953 (84) these workers stated that on the basis of 
cryoscopy and titration experiments it appears that that con­
densation of telluric acid is dependent on two factors ; the 
concentration of the acid, and the pH of solution. It was 
thought further that in solution the monosodium tellurate 
NaHcTeOg gives rise to tetracondensed ions, and also that the 
ion . HTegOy is obtained as an intermediate, this being analo­
gous to the formation of the dichromate from the chromate.
The noncondensed tellurate ion is thought by Souchay and Tey- 
ssedre to exist only in solutions of weak concentration.
Recently the above work has been reported more 
fully by Lourijsen-Teyssedre (85). She states that both cryo- 
scopic studies inV.olving measurement of the depression of 
transition point between sodium sulphate decahydrate and the 
anhydrous salt, and potentiometric studies on 0.125-1.5M solu­
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tions of telluric acid show that in that concentration range 
the free acid is practically uncondensed. However the tellu­
rates formed on gradual neutralisation of telluric acid are 
reported to show definite signs of condensation, as is veri­
fied by pH measurements and partition work using butyl alcohol 
and water.
Assuming the following equilibrium to exist in 
solutions of tellurates:
nHgTeOg" (HTeO^")^^
Lourijsen-Teyssedre derived a straight-line relationship 
between the number of ions present in solution (N), the con­
centration, and the degree bf condensation (n) of the tellu­
rate ions. A value for N was obtained by cryoscopy, and it 
was found that the desired straight line was only obtained 
if the value for n was taken as four. Hence Lourijsen- 
Teyssedre inferred that during the process of neutralisation 
a polytellurate ion is formed whose formula is (HTeO^)^
Results of partition studies show further that a species of 
intermediate condensation also exists, such that the ratio 
Te/Ha is 2, the anion being thought to be HTegO^ •
On the basis of the existence of HgTeOg , HTOgOy 
and (HTeO^)^ Lourijsen-Teyssedre has calculated the propor­
tion of various ions present in telluric acid solutions at 
various stages of neutralisation with sodium hydroxide.
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Thus if X is the degree of neutralisation (i.e. the ratio 
Na/Te), then for 0.5M solutions the following results are 
found:
(a) at x ~ 0 , no condensed ions are found and the free 
acid is presumed to exist as a monomer.
(h) As X increases, the concentration of HTegOy incre­
ases also, becoming a maximum at ca, x = 0.4, and 
decreasing to zero at x^l,
(c) The proportion of (HTeO^)^ ions increases from 
zero at x = 0 to a maximum at x - 1 , and the propor­
tion of HgTeOg increases in a similar "manner.
At x=r. 1, about 10/ of the tellurium is in the form 
of the HcTeOg ion whereas the rest is in the form 
of (HTeO^)^'"".
In O.IM solutions of telluric acid the ion (HTeO^)^ becomes 
negligible, and at x = l  all the tellurium is in the form of 
*
Earley and Edwards (8 6 ) have studied solutions 
of orthotelluric acid conductimetrically, and conclude that 
a dimer and a trimer are formed in solutions of up to l.OM, 
but suspect that higher polymers may also be present in yet 
more concentrated solutions. This is in agreement with later 
conductivity studies of Antikainen (87), who further calcula­
ted the complex formation constants of the dimer and the 
trimer.
-91-
Absorptlometrlc studies.
The ultra-violet absorption spectrum of telluric 
acid solutions has been studied by 8 tuber, Braida and Jander 
(71) who found that'à considerable displacement of the absor­
ption curves was brought about by a change in the pH of the 
solution. This they thought to be analogous to the visible 
colour change in solutions of dichromates, observed as the pH 
is Increased. 8 tuber and coworkers therefore considered 
telluric acid to behave like an inorganic indicator acid whose 
colour change takes place in the ultra-violet range of light. 
But, whereas the colour change observed in dichromates is now 
well known to be due to a decondensation to the chromate,
8 tuber and coworkers could not detect any condensation in 
 ^telluric acid by cryoscopy and diffusion studies (cf. Lourij- 
sen-Teyssedre 85). They therefore concluded that the ultra­
violet displacement brought about by change in pH is not due 
to a condensation-decondensation reaction, but is due rather 
to some intermolocular rearrangement such as:
To(OH)g aq. -— > + HTeO^'aq.
This work was repeated by Ley and Ko ni g (8 8 ) using very dilu­
te tellurate solutions at high alkalinity, but no useful con­
clusions could bo reached.
More recently the ultra-violet absorption of 
aqueous solutions of telluric acid at various concentrations 
has again been measured (89), and the shift in absorption
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spectrum was attributed to the existence of at least two pH 
dependent species of telluric acid.
The strength and basicity,of telluric acid.
The formula of telluric acid is now generally 
accepted to be not HgTeO^.&HgO but H^TeOg giving an acid which 
is, theoretically at least, six-basic. The evidence for this 
includes freezing point measurements and dehydration experi­
ments, absorption spectra, Raman spectra, osmotic studies and 
X-ray analysis (90).
The strength of telluric acid is approximately 
similar to boric and hydrocyanic acids (82, 91). A recent 
determination by Pouasson (92) from conductivity and pH stu­
dies gives the following values:
= 1.55 X 10“® at 22°C 
Kg =  4.7 X lo"^^ at 18°C
but Pouasson was unable to determine the other constants by 
ordinary methods. The latter is in agreement with the work 
of Souchay and Hessaby (64), who failed to evaluate by
a cryoscopic method and concluded these constants to be small­
er than lo”^^.
Orthotelluric acid by itself does not react with 
indicators and does not catalyse the inversion of cane sugar
(93). Pouasson (92) performed conductimetrie titrations of 
molar solutions of telluric acid with molar sodium hydroxide.
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and claims to have obtained breaks in the curve at NaOH/HgTeOg 
mole ratios of 1, 2, 4 and 6 . This would be consistent with 
the formation of NaH^TeOg, ^^gH^TeOg, Na^HgTeOg and Na^TeOg , 
but Fouassods results are questioned by Souchay and Hessaby 
(64), whose conductivity studies of telluric acid solutions 
showed no evidence of a basicity greater than two as regards 
the sodium salts. They nevertheless claim to have prepared 
lithium tellurates containing 2, 3, and 4 atoms of lithium, 
thus showing that telluric acid is more than one-basic.
Salts such as Cu^TeOg , Ag^TeOg , Zn^TeOg and Hg^TeOg are 
known to exist (81).
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8 CO PE OP THE PRESENT WORE.
On the basis of interpretations quoted in the 
proceeding sections, it seems clear that an increase in tempe­
rature or in Concentration of telluric acid solutions favours 
the formation of polytelluric acids. According to cryoscopic 
(82) and diffusion (71) measurements these polyacids seem to 
be present only in very low concentration at low temperature. 
But both Antikainen (87) and Earley and Edwards (8 6 ) agree 
that a dimer and a trimer are formed during the course of 
condensation, although the latter workers further suggest that 
this is not the ultimate degree of condensation of telluric 
acid. Lourijsen-Teyssedre gives ample evidence of a tetramer 
but states that in free telluric acid, irrespective of concen­
tration, condensation is negligible and condensed ions only 
come into evidence on addition of alkali. Thus although 
Souchay and Teyssedre do agree that condensation of telluric 
acid is pH dependent, nevertheless according to their inter­
pretation the ion HTegOy (derived from the dimeric acid) 
appears at low pH values, whereas the tetracondensed (HToO^)^ 
is formed as the pH is increased. This would appear to contra­
dict the rule, obeyed by boric and arsenious acids, that in 
general an oxyacid liable to condensation will tend to décon­
dense on increasing the pH.
In the work to be described:
(1) an attempt will be made to comment critically on Souchay
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and Teyssedre’s interpretation.
(2) In view of the fact that little evidence was found by 
other workers for the condensation of telluric acid both 
at low temperature and in solutions of low concentration, 
an investigation will be made using comparatively weak 
solutions of orthotelluric acid at room temperature in 
order to find if condensation can be detected by ion- 
exchange methods.
(3) the course of the cohdensation-decbndensation reaction 
will be traced, both as the concentration and as the pH 
of telluric acid solution is increased.
(4) a correlation between*ion-exchange and spectrophotometric 
results will be sought.
(a) ION-EXCHANGE STUDIES 
I, Preliminary.
Anion Exchanger. Preliminary Investigations showed that tell­
uric acid is sorted hy the strong hase anion-exchanger Amher- 
lite IRA 400 in the chloride form, as in the case of horic and 
arsenious acids. The exchanger was prepared as described 
previously (p.36).
Preparation of solutions. The solubility of telluric acid is 
reported to be 2,16 gram formulae per 1 0 0 0 g. of water at 20^0
(94), but. it was- found that solutions whose strength is as low 
as 0.2M show a slight opalescence due to presence of colloidal 
matter. This opalescence gradually disappears on prolonged 
standing, but after several weeks the solutions show signs of 
ageing.
It was decided to investigate solutions of 0.5M 
concentration, and below. For this purpose stock solutions 
(0.75, 0.62,. 0.42, 0.30 and 0.21M) were prepared. -In a pre­
liminary experiment samples (50 ml.) of stock solutions were 
diluted to 75 ml. by addition of various quantities of sodium 
hydroxide and water. The pH values of these solutions were 
determined, and graphs of pH against the quantity of sodium 
hydroxide added were plotted. From these graphs 75 ml. samp­
les of telluric acid (0.5, 0.41,^  0.28, 0.20 and 0.14M) could 
later be formulated at any desired pH value.
-97-
II « Equilibrium Experiments
These were carried out in a similar way to those 
for boric and arsenious acid (pages 38 and 39). One gram 
quantities of resin were used throughout the experiments. Each 
sample of resin was added to 75 ml. of the telluric acid solu­
tion suitably adjusted in pH, Each mixture was then left for 
a maximum of seven days to attain equilibrium, unless the pH 
was such that the solution had a tendency to crystallise - 
in which case only two days were allowed for the attainment 
of equilibrium. Every flask was subjected to mechanical sha­
king for ca, 2 hours daily, after equllllbrlim had been 
attained each solution was filtered off from the resin using 
a small dry column containing a glass wool plug. The filtrate 
was retained for analysis, and the subsequent treatment of the 
resin was exactly as described for boric acid (p.39).
III. Analytical Methods.
Tellurium in the filtrate was determined as telluric acid, 
by titration with standard sodium hydroxide. The tellurium 
sorbed on the resin was then calculated by difference.
Telluric acid is not sufficiently strong to be 
titrated by itself, but it gives strongly acid complexes with 
glycerol and mannitol and can be titrated to phenolphthalein
(95). Antikainen (96) has investigated the telluric acid 
complexes by potentiometric, cryoscopic and other methods.
—98—
He found that the complexes formed are made up of one molecule 
of glycerol or mannitol to one molecule of telluric acid, and 
that their ionisation constants are of the order of 1 0 ~^ . 
Formation of the complex is a slow reaction in each case, hut 
Antikainen finds that formation of the mannitol complex is 
nearly complete when the concentration of mannitol is three 
times that of telluric acid. This is in agreement with the 
work of Fouasson (92), who finds that telluric acid can he 
titrated with good precision if a great excess of mannitol is 
used.
In the present work it was found that consistent 
results were obtained as follows: 1 0 ml. portions of the
filtrate were made neutral to methyl-orange by addition of 
dilute nitric acid. (Hydrochloric acid tends to reduce tellu­
ric to tellurous acid, with the liberation of chlorine).
of mannitol
A large excess/was then added (appx. 4-8 g.) and each mixture 
was heated on the steam bath to ca. 60^C before titrating hot 
with standard sodium hydroxide to a phenolphthalein end-point.
Chloride determinations and pH measurements were performed 
as described on p.40,
IV. Results of Ion-Exchange.‘Studies
For the five concentrations of telluric acid 
studied (0.14, 0.20, 0.28, 0.41 and 0.51), the sorption of 
tellurium, desorption of chloride, and the R values at various
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alkaU n i ties are shown in figures 15-19, and in tables 10-14. 
The pH values quoted are those of the equilibrated solutions# 
The sorption of tellurium exhibits a maximum for 
each concentration studied, the position of the peak moving 
to a lower pH value as the concentration of solution is inc­
reased, This is shown in fig. 20 below, where the pH corres­
ponding to the maximum sorption of tellurium is plotted aga­
inst the molarity of solution. The graph obtained approximates 
to a straight line.
Fig.20
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Pig.21 shows the maximum R value found for each of the concen­
trations studied. It will be noticed that at concentrations 
between 0.28 and,0.41M the maximum R value obtained remains 
steadily at 2 whereas for both 0.14 and 0.20M solutions the
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In 0#5M solutions (see fig.19) although the maximum R value 
obtained is greater than two, nevertheless a point of infle­
xion ) exists in the R value curve, which remains, constantly 
at 2 in the region of pH 5.5-6.6 .
For the 0.14M solutions, which were studied most 
extensively, no chloride shift was found. ' The chloride
desorption curve did not exhibit a peak but reached a constant 
value which was maintained in the pH range 8-10.5. For the 
other concentrations the pH range studied is incomplete, but 
the general trend of values suggests that sorption and desor­
ption graphs are of similar shape to those obtained for 0.14M 
solutions.
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The maximum quantity of tellurium sorbed from solution by 
the resin was ca. 27, 20, 16, 13 and 12^ of the total, for 
the 0.14, 0.20, 0.28, 0.41 and 0.5M solutions respectively.
Crystallisation of sodium tellurates.
As has been stated in the experimental section 
(p,97), at certain pH values telluric acid-sodium hydroxide 
solutions tended to yield crystals on standing. Consequently 
the batch experiments were allowed only two days to attain 
equilibrium in order to avoid crystallisation on the resin.
The conditions for crystallisation were investi­
gated in a series of blank experiments i.e. in the absence 
of the resin. It was found that 0.14M telluric acid solutions 
were stable up to pH ca. 7.0, but an even crystallisation on 
the walls of the vessel resulted after appx. 2 days if the 
solution had a pH in the range ca. 7-9,5. Crystallisation 
was most ready at pH 8-9. The Na/Te ratio in solution then 
approached unity and the salt that crystallised out was found 
on analysis to have a Na/Te ratio corresponding to NaHgToOg . 
In the pH region 9.5-11.5 no crystallisation took place, and 
the solutions appeared to be stable indefinitely, but at high­
er pH values after ca. two days standing the solutions depo­
sited clumps of crystals which wore visibly different from 
those obtained at pH 8-9. On analysis these proved to have 
a Na/Te ratio corresponding to NagH^TeOg.
These observations lend support to the work of
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Fouasson (92) who has extensively investigated the conditions 
for formation of mono- and di-sodium tellurates.
It was found in the present study, that the
/
presence of the resin and agitation of the solution tended to 
decelerate crystallisation of sodium tellurates. In 0.28- 
0.5M solutions of telluric acid crystallisation appears to 
begin above pH ca. 7. These crystals are similar in appearen- 
ce to those obtained in 0.14M solutions at pH 8-9.
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(b) SPECTROPHOTOMETRIC STUDIES.
Experimental. A ”Unicam'* S.P. 500 spectrophotometer was used 
throughout, and the experimental procedure was exactly as 
described for arsenious acid (p.75). Only one concentration of 
telluric acid was studied, fully, this being the 0.14M solution 
for which ion-exchange results are the most complete.
Results * The ultra-violet spectrograms obtained show sharp 
absorption edges which move to longer wavelengths as the pH 
of the solution is increased (see fig.22). This is in agree­
ment with the results of other workers (71, 8 8 , 89), but it 
was noticed that the change in the spectrum above ca. pH 8 
was only very slight compared to the change observed at lower 
pH values. An approximate indication of the extent of change 
in the spectrograms as the pH is increased, was obtained by 
plotting the wavelength corresponding to 50% absorption against 
the pH of solution giving the spectrogram. The results are 
shown in fig.23.
It was found that a shift of absorption edges 
to longer wavelengths also occurs on raising the telluric acid 
concentration of solution (fig.24)
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DISCUSSION.
For each concentration of telluric acid studied 
the value of R decreases on raising the pH or on decreasing 
the tellurium concentration of solution. Thus the results of 
ion-exchange studies clearly indicate that a decondensation 
takes place both as the pH of solution is increased and as 
the telluric acid concentration is decreased.
The above trend would be expected by analogy with 
the behaviour of other condensed oxyacids, and has been shown 
in this work to hold for boric and arsenious acids. This di­
rect dependence of the degree of condensation of telluric 
acid on the concentration of solution is in agreement with 
the work of Jander and coworkers (82). However, the depoly­
merisation of telluric acid observed on increasing the pH is 
contrary to the conclusions of Lourijsen-Teyssedre (85, see 
also p.89-90).
It remains now to explain the ion-exchange resu­
lts in terms of definite anionic species. Any interpretation 
put forward must satisfy the following conditions:
(1) That a .de condensation takes place on raising the pH or 
lowering the tellurium concentration of solution.
(2) That an ionic species of R value greater than 2 exists, 
as shown by study of 0.5M solutions.
(3) That intermediate ionic species exist the R values of 
which are 2 and 1.5, as shown by the constancy of these
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R values on the graph of molarity of solution versus 
maximum R (fig.21) , and hy the constancy of R : 2 bet­
ween pH 5.5 and 6 . 6 in 0.5M solutions (fig.19).
The fact that a definite but fractional R value 
of 1.5 is obtained at telluric acid concentrations of 0.2M 
and below, suggests that a multivalent ion exists at some sta­
ge of the decondensation process. A reasonable explanation 
of an R value of 1.5 would be the existence of the ion 
and indeed the ion-exchange results could be explained on the 
basis of the following de condensation:
(HTe^O^^) —  ^  ^ (HTe^O^Q)  ^ H^TeOg—^ H^TeOg
R:4 R:2 ' R:3 R:1.5 ,R;1 R:0.5
bearing, in mind that the salts of the hypothetical acids 
HgTe^Oig and HgTOgO^Q have been reported. (80, 81)
As already seen, evidence for the tetramer and 
dimer has been given by Lourijsen-Teyssedre (85) whereas a 
dimer and trimer have been suggested by Farley and Edwards and 
by Antikainen (8 6 , 87).
The existence of the ion HTe^O^^g would explain 
why R values greater than two were obtained in 0.5M solutions 
at low pH. The formation of on increasing the pH would
be a logical one, and would explain the inflexion observed at 
R:2 in the R value curve for 0.5M telluric acid solutions.
An R value of 1.5 observed in solutions of lower To concentra­
tion would then be explained by the formation of
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although one would expect this' ion to he formed via HTe^O^Q 
(R: 3). But there is no evidence in the R value graphs for 
the sorption of a univalent tritellurate, and,one must assume 
that if HTGgO^Q exists at all it must he present only in negli­
gible quantity. The TOgO^Q ion eventually décondenses into 
HgTeOg (R: 1) as shown by the data obtained from 0.14M solu­
tions (fig.15) where the R value is found to decrease steadily 
from 1.5 at pH 7 to unity in the pH region 9.0-9.6 . It is 
noteworthy that in this pH region the Na/Te ratio in solution 
is also unity as shown in figure 25 below.
F ig . 25 0.1ÀH lelluric ewid
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A further examination of the above graph shows that above pH 
9.8 the R values become progressively less than one, and tend 
towards 0.5 at pH ca.-. 11.5. At this pH the Na/Te ratio in
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solution becomes 2, thus experimental evidence points to the 
sorption of H^TeOg" (R: 0.5). It seems therefore that the 
effect of sorption of hydroxyl ions on the resin is negligible 
in this pH region.
Other interpretations.
It would be reasonable to expect that a ditellu- 
rate ion exists as an intermediate between the tritellurate 
and the monotellurate, but this ion cannot be deduced from 
the R value graphs* (Of; the conclusions of Earley and Edwards, 
and of Antikainen), Furthermore, the results quoted cannot 
be interpreted on the basis of the transition:
Uncondensed — ^ HTOpOn — ? (HTeO,)/ — > HcTeO^
acid 4 4 0
R:2 R:1 R:1
brought about by an increase in pH or decrease in concentrat­
ion as suggested by Lourijsen-Teyssedre. The reasons for 
this are as follows;
(1) Although Lourijsen-Teyssedre states that free telluric
acid is largely uncondensed, ion-exchange studies show 
that even in the most diluted solutions investigated 
there is evidence of sorption of condensed ions at low pH.
(2) Lourijsen-Teyssedre has calculated that in 0.5M solutions 
the ion HTOgO" (R: 2) exists at maximum concentration 
when the Na/Te ratio is appx, 0.4, but ion-exchange
data on 0.5M solutions indicate that R:2 occurs only at
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a Na/Te ratio of ca. 0,05-0.35, and at higher Na/Te ratios 
the R va lue decreases ■( see fig.26 below).
icf. 26 0.5
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Furthermore if a steady R value of two (obtained in this 
study) is attributed to the ion ETo^O^ and not to 
then difficulty will be experienced in the interpretation 
of the steady R value of 1,5 obtained at lower concentra­
tions, since by analogy with other oxyacid systems a 
decondensation and not a condensation would be expected 
here.
(3) If we assume that Lourijsen-Teyssedre’s interpretation
is correct, and admit that the concentration of a tetra- 
meric ion (HTeO^)/" rises as the pH of solution is 
increased, then we would expect ion-exchange results to
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show a marked increase in the desorption of chloride at high 
pH, since a univalent ion HTOgO^ is being replaced by a quadri­
valent,one. But in fact the observed gradient of the chloride 
desorption curve tends to decrease rather than increase at 
the higher pH values, this being found for all the concentra­
tions studied.
One is forced to conclude therefore that the 
most adequate interpretation of the present work appears to 
depend on the existence of a tetra-, tri- and possibly also 
a di-condensed telluric acid. The possibility of yet more 
condensed acids in solutions of higher concentration is not 
within the scope of the present limited study.
The tellurato system and the "chloride shift**.
So far it has been stated that only two condensed 
tellurate ions are definitely indicated by ion-exchange resu­
lts, these being the bivalent totratellurate and the
bivalent tritellurate • The presence of the ion
HTo^O^g has been inferred in 0.5M solutions at low pH values, 
but this soon gives rise to Te^O^g. In solutions of lower 
concentration the univalent totratellurate appears to exist 
in such small quantity that it is undetectable. We have 
therefore a system where a condensed ion (Te^O^g) décondenses 
to an intermediate ion (TogOpg) without any alteration in 
ionic charge. A "chloride shift" of the type exhibited by
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bopic and arsenious acids would not therefore he expected.
The results obtained with the two extreme concentrations stu­
died will now be considered in greater detail.
0.5M solutions of telluric acid.
At low pH a mixture of HTe^G^g (R: 4) and Te^O^g 
(R: 2) is thought to be sorbed on the resin, as shown by the 
R value being greater than 2, In the pH region 5,5-6,5 the 
ion Te^Ong appears to be sorbed exclusively (as shown by the 
R value), hut on increasing the pH this gradually décondenses 
to TOgO^Q (R: 1,5) as shown by a marked decrease in the over­
all sorption of tellurium. Since a bivalent ion is being 
replaced on the resin by another bivalent one, the chloride 
desorption graph does not acquire a negative gradient (cf. 
borate and arsenite systems). Nevertheless tritelluric acid 
is less condensed and therefore undoubtedly less dissociated 
than tetratelluric acid (79, 80), therefore it would be expec­
ted that a smaller quantity of TegO^g ions would be sorbed 
on the resin than was the case with ions. This expla­
ins not only the sudden decrease in tellurium sorption above 
pH 6,5, but also the gradual decrease in slope of the chloride
desorption graph as observed in this pH range.
0.14M solutions of telluric acid.
Here we have evidence only of Te^O^g , the sorp­
tion of which is predominant in the pH region 4,5-7. At pH
7 . 3 the tellurium sorption comes to a maximum, and at higher
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alkalinity it begins, to decrease. Concurrently the gradient 
of the chloride desorption curve decreases and becomes zero 
in the pH range ca. 8.5-10. This is consistent with a repla­
cement of the ion TOgO^g by H^TeO~ on the resin in the pH 
region 7-8.5, and is supported by the crystallisation of 
NaHgTeOg from solution in this region. That the ion HgTeOg*" 
is sorbed predominantly at pH 8.5-10 is shown by the inflexion 
of the tellurium sorption curve in this region. Above pH 10 
there is sorption of an increasing proportion of H^TeOg” ions, 
but since Kg for telluric acid is very small (cf. p.92) the 
concentration of this ion in solution would be expected to be 
slight. This will explain the sudden decrease observed in the 
tellurium sorption at and above pH 10. But since a univalent 
ion is being replaced on the resin by a bivalent one, the 
influence of the decrease in Te sorption on the desorption of 
chloride is only slight. The value of R becomes 0.5 at pH 
ca. 11.5, and it is significant that this is near the pH reg­
ion in which WagH^ToOg crystallises from solution on standing.
An examination of the results of spectrophoto­
metry (fig.22-23) will show that the greatest change in the 
spectrograms occurs in the pH region ca. 5-7, whereas no 
change is in evidence in the pH region ca. 8.5-11. It would 
appear therefore that an ionic change takes place in solution 
at pH values below 8.5, and this could be explained by the 
transition:
Tritelluric > (Ditelluric —--> Monotolluric
acid acid) acid
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At pH values above 8.5, ion-exchange results give evidence of 
of non-condensed ions, and the fact that no change in the 
spectrograms is observed in this pH region suggests that the 
absorption spectra of H^TeOg and H^TeOg*" à re similar.
Comparison with solid tellurates
An extensive study of solid tellurates has been 
made by Berzelius and later by Hutchins (97). Of the alkali 
tellurates, compounds such as LiHTegOy aq. and NaHTOgO^ are . 
stated to have been prepared by spontaneous evaporation of a 
solution containing the stoichiometric proportions of tellu­
ric acid and the alkali carbonate. On heating, these compou­
nds yield the insoluble BigTe^O^^ and HagTe^O^^ • In a simi­
lar manner the tritellurate KgTe^O^g,5HgO has been obtained. 
No solid tellurates of higher To content appear to have been 
reported.
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COHCLUSIONS AMD GEKBRAL COMMENTS
Prom this limited study of telluric acid solutions it appears:
('1) That condensed tellurate ions are sorhed on the resin 
even from solutions of concentration as low as 0.14M
(2) That an adequate interpretation of the present work can 
he given on the basis of the existence in solution of 
ions derived from a tetra-, tri-, and possibly di-telluric 
acid. This interpretation is consistent with the results 
obtained if it is accepted that a decondensation takes 
place both on raising the pH of the tellurate solution 
and on dilution.
(3) A correlation appears to exist between the ions sorbed 
on the resin and the ionic state of solution when the 
resin is absent.
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TABLE 10
(Data for fig.15)
l.Og. Amberlite IRA 400-Cl
75ml. solution (0.14M Telluric Acid)
-----------
moles per equiv. 
of resin
■1--------- i
Na/Te
ratio
pH Te Cl R in
sorbed desorbed solution
phase
4.70 0.050 0.040 (1 .2 6 )
4.88 0.133 0.069 (1.92)
6.28 0.205 0.130 1.58
5.45 0.291 0.186 1.57
5.64 0.414 0,227 (1.83)
5.94 0.477 0.325 1.47
6.32 0.699 0.472 1.48
6.36 0.709 0.459 1.55 0.07
6 + 59 0.836 0.555 1.51
6.94 0.947 0.635 1.49
7.36 0.957 0.708 1.36
7.38 0.974 0.699 1.40 0.47
7.83 0.927 0.731 1.27
8.48 0.838 0.746 1 . 1 2 0.89
8.70 0.812 0.744 1.08
9.03 0.774 0.746 1.04
9.42 0.751 0.748 1 . 0 0
9.69 0.726 0.746 0.97 1.05
10.37 0.602 0.750 0.80 1 . 2 1
10.54 0.507 0.742 0 . 6 8 1.41
10.92 0.433 0.728 0 .59 1.64
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TABLE 11
(Data for fig.16)
l.Og. Amberlite IRA 400-Cl
75ml. solution (0.20M Telluric acid)
pH
moles per equiv. 
of rosin
RTe
sorbed
Cl
desorbed
4.79 0.105 0.080 1.30
6.36 0.290 0.192 1.51
5.92 0.571 0.368 1.55
6.30 0.806 0.520 1.55
6.59 0,967 0.620 1.56
6.84 1.016 0.678 1.50
7.16 1 . 0 2 0 0.702 1.45
TABLE 12 
(Data for fig,17)
l.Og. Amberlite IRA 400-Cl
75ml. solution (0.28M Telluric Acid)
pH
moles per equiv. 
. of resin
RTe
sorbed
Cl
desorbed
4.88 0.279 0.142 1.96
5.55 0.682 0.348 1.96
6.25 1.027 0.611 1.69
6.57 1.164 0.690 1.69
6.80 1 . 2 1 2 0.735 1.65
7.00 1.209 0.771 1.57
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TABLE 13
(Data for fig. 18)
loOg. Amberlite IRA 400-Cl
75ml, solution (0.41M Telluric Acid)
pH
moles per equiv. 
of resin
H. Te 
sorbed
Cl
Desorbed
4.55
4.96
5.68
6.16
6.61
6.90
0.296
0.494
0.970
1.29
1.42
1.39
0.145 
0.255 
0.530 
0.682 
0.771 
. 0.809
2.05
1.94
1.83 
1.89
1.84 
1.72
TABLE 14
(Data for fig.19)
l.Og. Amberlite IRA 400-Cl
75ml. solution (0,5M Telluric Acid)
pH
moles per equiv. 
of resin
RTe
sorbed
Cl
desorbed
4.66
5.35
5.68
6 . 1 1
6.55
6.85
7.41
0.587
1 . 1 0
1.25 
1.51 
1.60 
1.35
1.26
.......
0 . 2 2 0
0.477
0.603
0.728
0.791
0.827
0.852
2 . 6 6
2.30
2.07
2.07 
2.03 
1.63 
1.48
ANNEX
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ANNEX I 
Washing the resin.
As has been mentioned previously, the capacity 
of each resin sample was determined (in terms of moles of 
chloride per gram of resin) by first converting it to the 
chloride form by passage of hydrochloric acid, and then remo­
ving excess acid by washing with water. The chloride on the . 
resin could then be displaced by elution with nitric acid and 
determination in the eluate as silver chloride. Nevertheless 
it was found that even when deionised water was used for 
washing^ the capacity of the resin varied slightly with the 
amount of washing water used. It appears therefore that 
excessive washing tends to remove some of the chloride actu­
ally sorbed on the resin. In order to determine the optimum 
quantity of water to be used, several capacity determinations 
were performed on a l.Og. sample of Amberlite IRA 400-01, the 
volume of washing water being progressively increased. For 
comparison, both distilled water which had been deionised by 
passage through Bio-Deminrolit, and distilled water in equi­
librium with the atmosphere, were used in the experiment.
The results for the capacities (in terms of grams of silver 
chloride precipitated) are given overleaf.
Prom the data accumulated it appears that reaso­
nably constant results are obtained when the resin is washed 
with 300-600 ml. of deionised water, but inconsistencies appear
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when the volume of washing water is Increased fu.rther. 
Washing with equilibrium-distilled water appears to give 
unreliable results.
300 ml. 
quantities 
of water 
used
capacity found 
(grams of AgCl) 
after washing with 
de-ionised water
capacity found 
(grams of AgCl) 
after washing with 
equil. dist. water
1 0.4236 0.4194
0.4212 washing 0.4187
0.4248 insufficient 0.4209
0.4256 0.4220
2 0.4206 0,4183
0.4206 average : 0.4195
0.4199
0.4202
0.4203 0.4179
0.4167
3 0.4196 0.4175
-0.4201 average: 0.4163
0.4204 0.4201 0.4151
0.4203 0.4168
4 0.4178 0.4148
0.4163 average : 0.4134
0.4173
0.4179
0.4173 0.4143
6 0.4160
0.4152
0.4178
0.4125
0.4127
0.4138
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ANNEX 11 
Calculation of data for fig.8
Moles of boron sorbed S
Moles of chloride desorbed E
(a) Assuming only BgOg and B^Oy to be sorbed:
Let X be the number of active sites' occupied by 
B^Oy , then the total number of atoms of boron sorbed as this 
ion will be 2x. Therefore the total number of active sites 
occupied by B^Oq " will be (E-x).
If sorption is expressed in moles per equivalent of resin 
then at a particular pH value:
S = 2x t -5(E-x ) 5E-3x
5E^&Stherefore x
Hence for a total sorption of S moles of boron;-
moles
quantity of boron   Py —  10E-2S
sorbed as B^Oy —. ^ moles
NB. The values of S and E may then be obtained from fig.7
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(b) Assuming only B4.O7 and HgBO^" to be sorbed.
If S atoms of boron are sorbed for E atoms of 
Cl desorbed, let x be the number of sites occupied by B^Oy" , 
then the total number of atoms sorbed as this ion is 2x. 
Therefore the total number of exchange sites occupied by HgBOZ 
is (E-x), and this also equals the number of atoms of boron 
sorbed as HgBO, • -
Therefore at a particular pH value;
S rr 2x (E-x) E + X 
therefore x == 8 -E
Hence for a total sorption of B moles of boron;-
quantity of boron
sorbed as B^Oy—  zr 2x zz 2(Ï^ -E)
quantity of boron mr. (E-x) mr 2E-h
sorbed as HgBOg**
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